Chapter 1 


Problems 1-1 through 1-4 are for student research. 


1-5 


Impending motion to left 


Consider force F at G, reactions at B and D. Extend lines of action for fully-developed fric- 
tion DE and BE to find the point of concurrency at E for impending motion to the left. The 
critical angle is 6,,. Resolve force F into components Fy¢¢ and Fo,. Face 18 related to mass and 
acceleration. Pin accelerates to left for any angle 0 < 0 < 0. When 6 > 6, no magnitude 
of F will move the pin. 


Impending motion to right 


<->} 


Consider force F’ at G, reactions at A and C. Extend lines of action for fully-developed fric- 
tion AE’ and C E’ to find the point of concurrency at E’ for impending motion to the left. The 
critical angle is 6/,. Resolve force F”’ into components F’.. and F/.. F/,. is related to mass 
and acceleration. Pin accelerates to right for any angle 0 < 0’ < 6/.. When 6’ > 0, no mag- 
nitude of F’ will move the pin. 

The intent of the question is to get the student to draw and understand the free body in 
order to recognize what it teaches. The graphic approach accomplishes this quickly. It is im- 
portant to point out that this understanding enables a mathematical model to be constructed, 
and that there are two of them. 

This is the simplest problem in mechanical engineering. Using it is a good way to begin a 
course. 

What is the role of pin diameter d? 

Yes, changing the sense of F changes the response. 


Giver, £ = 104252 Ibi r=2in,k = 0.21, p= 00. f = 025, 4 = 0 x= 02 
F; = 10 Ibf; Fy = 10+ 2.5(0.2) = 10.5 Ibf Ans. 
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1-6 
(a) , ) | Fy =—F — fNcos6 + Nsind =0 (1) 
je 
| \_ Fy = fN sind + Ncosd — — =0 
r 
T . = 
Ian x F = N(sin@ — fcos@) Ans. 
ra T = Nr(f sind + cos @) 
N Ae 
Combining 
1 tan 0 
Po pe ie ae (2) 
tand — f 
(b) If 7 — oo detent self-locking tand-f=0 ..0¢= tan”! f Ans. 
(Friction is fully developed.) 
Check: If F=10lbf, f=0.20, @=43°, r=2im 
10 
N= - = 17.68 lbf 
—0.20 cos 45° + sin 45° 
r 
— = 17.28(0.20 sin 45° + cos 45°) = 15 lbf 
7 
FN = 0.20(17.28) = 3.54 bf 
6 = tan! f = tan~'(0.20) = 11.31° 
11.31° <6 < 90° 
1-7 
(a) F = Fo +k(0) = Fo 
T| = For Ans. 
(b) When teeth are about to clear 
F=fFotkx 
From Prob. 1-6 
ftanéd+1 
To — 2 3) 2 oo 
tand — f 
(Fo + kx2)(f tand@ + 1) 
TIhn=r Ans 
tand — f 
1-8 
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From Eq. (1) of Prob. 1-6 


F 
ee —. 
—f cos@ + sind 
10 
Me = 13.491bf Ans. 
—0.25 cos 60° + sin 60° ie 
10.5 
Np = =" 13.49 = 14.17 Ibf Ans. 


From Eq. (2) of Prob. 1-6 
_i+ftan@ — 1+0.25tan60° 
tanéd — f tan 60° — 0.25 
T= 0.967010)(2) = 19.33 Ibt + 1m 
T; = 0.967(10.5)(2) = 20.31 Ibf - in 


= 0.967 Ans. 


1-9 
(a) Point vehicles 


—> 
2 2° e 


k—x—>| 


cars vi 42.10 — v2 


~ hour x 0.324 


Seek stationary point maximum 


d AD 9 
OG jy EE” aie 4 Peal 
dv 0.324 
49.1(21,05) = 21.057 
OF = ( — = 1367.6cars/h_ Ans. 


(b) 


—> 
SS ES 
eel 2 


pee f = 
etl \ (42.1) —v? © ov 


Maximize Q with J = 10/5280 mi 


v Q 

22.18 1221.431 

22.19 1221.433 

22.20) 1221435 <— 
22.21 1221.435 

Pe! 1221.434 

1368 — 1221 
% loss of throughput ——__—— = 12% __ Ans. 


1221 
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22.2 — 21.05 
(c) % increase in speed 105 = 5.5% 


Modest change in optimal speed Ans. 


1-10 This and the following problem may be the student’s first experience with a figure of merit. 


¢ Formulate fom to reflect larger figure of merit for larger merit. 


¢ Use a maximization optimization algorithm. When one gets into computer implementa- 
tion and answers are not known, minimizing instead of maximizing is the largest error 
one can make. 


>| Fy = Fsiné — W =0 
\> Fu = —F,cos@ — F7=0 
From which 
F,; = W/sin@ 
F, = —W cos 6/sin 0 
fom = —S = —¢y (volume) 
= —¢y( Aq + 1nA2) 


F, W l, 
A;=— = 22 = 
S S sin @ cos 8 
F- W 0 
Ad = : a ia 
S S sin @ 


f : ly W nm l,W cos@ 
om = — 
Y cosd Ssin@ S sind 


_ —¢yWl, (1+ cos’ 
a S cos 6 sind 


Set leading constant to unity 


0° fom 
0* = 54.736° Ans. 
° a fom* = —2.828 
20 —5.86 
30 4.04 Alternative: 
= —3.22 d (1+cos*9\ | 
: oS dé \cos@sino) 
54.736 _7.828 And solve resulting tran- 
60 7.886 scendental for 6*. 


Check second derivative to see if a maximum, minimum, or point of inflection has been 
found. Or, evaluate fom on either side of 0*. 
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Chapier 1 


(a) x} +x. =X, +e+X.+e 
error = e = (xj +X) — (X, + X2) 
=e,+e. Ans. 
(b) x1 — 2% = X1 + ej — (Xo +e) 
e = (x) —X%) —(X, — X02) =e, —e@ Ans. 
(c) xyx2 = (X1 + €1)(X2 + e2) 
€ = xXx. — XX. = Xje04+ Xe, + een 


e e —— ——< ns. 
1€2 2©1 1442 xX X) 


(d) 


~ ito 


x1 Xitei (eae) 
xo Xy+e, X 


x xX xX e e 
e= nee (fe - 2) Ans. 


(a) x, = V5 = 2.236 067 9775 
X, = 2.23 3-correct digits 
x) = V6 = 2.449 487 742 78 
X7 = 2.44 3-correct digits 
xy tx. = V5 + V6 = 4.685 557 720 28 
e) =x, — X; = V5 — 2.23 = 0.006 067 977 5 
6) =X) — X) = V6 — 2.44 = 0.009 489 742 78 
e=e, te, = V5—2.23 4+ V6 — 2.44 = 0.015 557 720 28 
Sum = x} +x. = X,+X2+e 


= 2.23 + 2.44 + 0.015 557 720 28 
= 4.685 557 720 28 (Checks) Ans. 


(b) X; =2.24, X.=2.45 
ey = V5 — 2.24 = —0.003 932 022 50 
ey = V6 — 2.45 = —0.000 510 257 22 
e=e,; +e. = —0.004 442 279 72 


Sum = X,;+ Xo +e 
= 2.24 + 2.45 + (—0.004 442 279 72) 
= 4.685 557 720 28 Ans. 
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1-13 
(a) o = 20(6.89) = 137.8 MPa 
(b) F = 350(4.45) = 1558 N = 1.558 kN 
(c) M = 1200 lbf- in (0.113) = 135.6N-m 
(d) A = 2.4(645) = 1548 mm” 
(e) I = 17.4 in’ (2.54)* = 724.2 cm* 
(f) A = 3.6(1.610)? = 9.332 km? 
(g) E = 21(1000)(6.89) = 144.69(10°) MPa = 144.7 GPa 
(h) v = 45 mi/h (1.61) = 72.45 km/h 
(i) V = 60 in? (2.54)* = 983.2 cm? = 0.983 liter 


1-14 
(a) 1=1.5/0.305 = 4.918 ft = 59.02 in 
(b) o = 600/6.89 = 86.96 kpsi 
(c) p= 160/6.89 = 23.22 psi 
(d) Z=1.84(10°)/(25.4)° = 11.23 in? 
(e) w = 38.1/175 = 0.218 Ibf/in 
(f) 5=0.05/25.4 = 0.00197 in 
(g) v=6.12/0.0051 = 1200 ft/min 
(h) € = 0.0021 in/in 
(i) V=30/(0.254)? = 1831 in? 


1-15 
200 
= = 13 MP 
@o= 1 i 


_ 42(10°) 


= 50-3? = 70(10°) N/m* = 70 MPa 


(b) o 


Go) y = 2200800910 = s46c1072) m= 15.5 
‘ » * 3(207)(6.4)(10)(10-2)4 : m= 15.5 mm 


7 1100(250)(10~3) _ 2 2 ees 
(d) 0= 79. 3a 3D (2510703 = 9.043(10-*) rad = 5.18 


1-16 


1 3 4 
(b) J = pk) = 9216mm 


i r= 73324(10-') 5 AT cai 


16(16) 


= [shop ~ 5.215(10°) N/m? = 5.215 MPa 


(d) Tt 


Chapier 1 


120(107) 
~ (ar/4)(202) 
32(800)(800)(10~+) 
~  ¢(32)3(10-3)3 


(a) T = 382 MPa 


(b) o = 198.9(10°) N/m? = 198.9 MPa 


Ws 
Z = —— (36' — 26*) = 3334 mm? 
(©) 3236 ) oe 


_ (1.6)* (79.3)(10-7)*(10?) 
@) k= Srp andes = 286-8Nim 


Chapter 2 


(a) be 


! 

| 

! 

UE La 
Lh Lhd 


60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 


(b) f/(NAx) = f/(69 - 10) = f/690 


x f fx fx fi(NAx) 
60 2 120 7200 0.0029 
70 1 70 4900 0.0015 
80 3 240 19 200 0.0043 
90 | 450 40 500 0.0072 
100 8 800 80 000 0.0116 
110 12 1320 145 200 0.0174 
120 6 720 86 400 0.0087 
130 10 1300 169 000 0.0145 
140 8 1120 156 800 0.0116 
150 5 750 112500 0.0174 
160 2 320 51200 0.0029 
170 a 510 86 700 0.0043 
180 2 360 64 800 0.0029 
190 1 190 36 100 0.0015 
200 0 0 0 0 
210 il 210 44 100 0.0015 
69 8480 1 104 600 
Eq. (2-9) c= ~ = 122.9 kcycles 
2 1/2 
Eq. (2-10) 7 - 104 a — a4 


= 30.3 keycles. Ans. 


Chapier 2 


2-2 Data represents a 7-class histogram with N = 197. 


x f fx jx 
174 6 1044 181656 
182 9 1638 298 116 
190 44 8360 1588 400 
198 67 13 266 2 626 688 
206 53 10918 2249 108 
214 12 2568 549 552 
220 6 1320 290 400 

197 39 114 7789 900 
39 11 
_ [7783900 — 39 1147/197]"” 
om 197-1 
= 9.55 kpsi Ans. 
2-3 
Form a table: 
x 7 fx fx 
64 2 128 8192 
68 6 408 27744 
72 6 432 31104 
76 9 684 51984 
80 19 1520 121600 
84 10 840 70560 
88 4 352 30976 
92 = 184 16928 
58 4548 359 088 
4548 
_ 454 2 1/2 
oe see ee 


From Eq. (2-14) 


1 


1 
IO) = Cie wel 5 


( 


6.57 


ey 
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2-4 (a) 

y fi fy fy’ y f/(Nw) fy) g(y) 
5.625 1 5.625 31.64063 5.625 0.072727 0.001262 0.000295 
5.875 0 0 0 5.875 0 0.008586 0.004088 
6.125 0 0 0 6.125 0 0.042038 0.031194 
6.375 3 19.125 121.9219 6.375 0.218182 0.148106 0.140262 
6.625 e) 19.875 131.6719 6.625 0.218182 0.375493 0.393667 
6.875 6 41.25 283.5938 6.875 0.436364 0.685057 0.725002 
7.125 14 99.75 TIO 7188 7.125 1.018182 0.899389 0.915128 
7.375 15 110.625 815.8594 7.375 1.090909 0.849697 0.822.462 
7.625 10 76.25 581.4063 7.625 0.727273 0.577665 ~=—-0.544.251 
TRIS y) 15.75 124.0313 TRIS 0.145455 0.282608 0.273138 
8.125 1 8.125 66.01563 8.125 0.072727 0.099492 0.10672 

55 396.375 2866.859 
For a normal distribution, 
2866.859 — (396.3752 /55) \ 1!” 
¥ = 396.375/55 = 7.207, oS (je = 0.4358 


fM= 


For a lognormal distribution, 


X = In 7.206 818 — InV'1 + 0.060 4747 = 1.9732, 


80) = (0.0604) *P - 


(b) Histogram 


0 
5.63 5.88 


1 
0.43582 


a 


= eet 


Lee =7.207 
0.4358 


)] 


Sy = Inv'1 + 0.060 474? = 0.0604 


2 


1 (™ - a) 


0.0604 


6.13 638 663 688 7.13 7.38 7.63 7.88 8.13 
log N 
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2-5 Distribution is uniform in interval 0.5000 to 0.5008 in, range numbers are a = 0.5000, 
b = 0.5008 in. 


a+b _ 0.5000 + 0.5008 


(a) Eq. (2-22) | 5 = 0.5004 

b— 0.5008 — 0.5000 
Eq. (2-23) a2 32 Sot 
2/3 2/3 
(b) PDF from Eq. (2-20) 
Fe 1250 0.5000 < x < 0.5008 in 

~ 10 otherwise 

(c) CDF from Eq. (2-21) 
0 x < 0.5000 

F(x) = 4 (x — 0.5)/0.0008 0.5000 < x < 0.5008 

1 x > 0.5008 


If all smaller diameters are removed by inspection, a = 0.5002, b = 0.5008 


__ 0.5002 + 0.5008 


— ; = 0.5005 in 
0.5008 — 0.5002 
—— = 0.000 173 in 
2/3 
ee 1666.7 0.5002 < x < 0.5008 
is aes otherwise 
0 x < 0.5002 
F(x) = } 1666.7(x — 0.5002) 0.5002 < x < 0.5008 
1 x > 0.5008 


2-6 Dimensions produced are due to tool dulling and wear. When parts are mixed, the distribution 
is uniform. From Eqs. (2-22) and (2-23), 


a = py — V3s = 0.6241 — V3(0.000581) = 0.6231 in 
b = Ux + V3s = 0.6241 + V3(0.000 581) = 0.6251 in 


We suspect the dimension was NOL in Ans. 
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2-7 F(x) =0:555x = 33 mm 
(a) Since F(x) is linear, the distribution is uniform at x = a 
F(a) =0=0,539(4) = 33 
.. a = 59.46 mm. Therefore, at x = b 
F(b) == 05558 = 33 


.. b = 61.26 mm. Therefore, 


0) x < 59.46 mm 
F(x) = ~{ 0.555x — 33 59.46 < x < 61.26mm 
1 x > 61.26 mm 


The PDF is d F/dx, thus the range numbers are: 


0.555 59.46 <x < 61.26mm 
fF) = | 0 otherwise ae 
From the range numbers, 

59.46 + 61.26 

Ly = a = 60.36mm _ Ans. 
61.26 — 59.46 

o, = ————— _ = 0.520 mm_ Ans. 

2/3 


(b) ois an uncorrelated quotient F = 3600 lbf, A = 0.112 in’ 
Cr = 300/3600 = 0.083 33, C4 =0.001/0.112 = 0.008 929 


From Table 2-6, for o 


_ Er 3600 
ia Ans. 
o ne O12 32 143 psi Ans 
; (0.083332 + 0.0089292) ]'/ 
6, = 32143 EMTS — 2694 psi Ans. 


Co = 2694/32 143 = 0.0838 Ans. 


Since F and A are lognormal, division is closed and o is lognormal too. 


o = LN(32 143, 2694) psi Ans. 


2-8 Cramer’s rule 


Chapier 2 


ay a 
Yay: Exe Lyhx? = Txyhx 
a= = Ans. 
Ex Ex? Dx Ux3 — (Lx2)2 
By? Ex 
ux Ly 
Dx2 Uxy| Ux Uxy — Lyzx? 
a = = —— .—_—_ Ans 
Ex LEx2 Dx ux? — (Lx?) 
rx? Ex? 
x y x x? xy 
0 0.01 0) 0 0 
0.2 0.15 0.04 0.008 0.030 
0.4 0.25 0.16 0.064 0.100 
0.6 0.25 0.36 0.216 0.150 
0.8 0.17 0.64 0.512 0.136 
1.0 —0.01 1.00 1.000 —0.010 
3.0 0.82 2.20 1.800 0.406 
a; = 1.040714 ay = —1.04643 Ans. 
Data Regression 
x y y 
0 0.01 0 
0.2 0.15 0.166 286 
0.4 0.25 0.248 857 
0.6 0.25 0.247 714 
0.8 0.17 0.162 857 
1.0 —0.01 —0.005 71 
03 - oO Data 


Regression 
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2-9 
Data _ Regression 
ce Se Si Si Si 5 
0 20.35675 


60 30  39.08078 3600 1800 
64 48 4032905 4096 3072 
6 295 4064112 4225 1917.5 
82 45 45.94626 6724 3690 
101. 5S1.—s«51.87554 = 10201-5151 
119 50 5749275 14161 5950 
120 48 57.80481 14400 5760 
130 67 ~—-60.92548 16900 _~— 8710 
134 60 ~=—-62.17375. «17956 ~——- 8040 
145 64 65.60649 21025 9280 
180 84 7652884 32400 15120 
195 78 + ~—-81.20985 = 38025——«:15210 
205 «= «96-~Ss«84.33052 = 42025-19680 
207 «—«887-~—Ss«84.95466 = 42849-18009 
210-87. ~—s:85.89086 = 44100-18270 
213. «75. ~=—:86.82706 = 45369 ~—«15975 
225. 99 = -90.57187 50625-22275 
225. 87 ~=—-90.57187 50625-19575 
227 «116 ~—«O9'1.196 51529 26332 
230 105 92.1322 = 52900-24150 
238 109 94.62874 56644 25942 
242 106 «=95.87701 =: 58564-25652 
265 105 103.0546 70225 27825 
280 96 107.7356 78400 26880 
295 99 112.4166 87025 29205 
325 114 ~=-:121.7786 +~—-105625 37050 
325. 117 ~—-:121.7786 += 105625 38025 
355 122 131.1406 126025 _ 43310 


5462 2274.5 1251868 501855.5 


m = 0.312067 b = 20.35675 Ans. 


e 
140 - oO Data 
Regression 


Chapier 2 


2-10 a > (y == ax?) 
oe) yo — ay — ax") = 0 


dao 


>> y — nay — a D> x? =0 => SS" y =nay + ar) > x? 


pe = 2D (9 = ao ~ ax?) (2x) = 0 => So xy =a) oxta ox? 


Cramer’s rule 


xy fx 
_ | exy =x _ Dx Dy — Ux? Dxy 
na | n ae ~~ ndx3 — Ex dx? 
yx Dx 
dy 


ies uxy| nuxy — uxdy 
ae ~~ ndx3 — Dxdx? 
yx yx 


Data Regression 


2 3 


x y y x x xy 
20 19 19.2 400 8000 380 
40 17 16.8 1600 64000 680 
60 13 12.8 3600 216000 780 
80060 OL pe 6400 512000 560 
200 56 12000 800000 2400 


800 000(56) — 12. 000(2400) __ 
oo 4(800 000) — 200(12 000) 
4(2400) — 200(56) 
re 4(800 000) — 200(12 000) — 


—0.002 


25 oO Data 
Regression 


20 


Ans. 


15 
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Data Regression 
x y y x? y? xy x—X (x — x)? 
0.2 al 7.931 803 0.04 50.41 1.42 —0.633 333 0.401 111111 
0.4 10.3 9.884918 0.16 106.09 4.12 —0.433 333 0.187777778 
0.6 12.1 11.838 032 0.36 146.41 7.26 —0.233 333 0.054 444 444 
0.8 13.8 13.791 147 0.64 190.44 11.04 —0.033 333 0.001 111111 
1 16.2 15.744 262 1.00 262.44 16.20 0.166 666 0.027 777778 
Ze 25.2 25.509 836 4.00 635.04 50.40 1.166 666 1.361 111 111 
5 84.7 6.2 1390.83 90.44 0 2.033 333 333 
m 6(90.44) — 5(84.7) 
ue 6(6.2) — (52 
a 84.7 — 9.7656(5 
b=F; = ©) _ 59787 
6 
30 Oo Data 
Regression 
25 | 
20 - 
1I5- 
10 
sb a 
0 l | | | | x 
0 0.5 1 1.5 2 2.5 
5 84.7 
Y=s>> y= —e=_ 14117 
(a) cee r 
Eq. (2-37) 
1390.83 — 5.9787(84.7) — 9.7656(90.44) 
eS) _—_ _——__“mo 
6—2 
= 0.556 
Eq. (2-36) 
1 5/6) 
Sp= 0.556,/ = + (5/6) = 0.3964 lbf 
6 = 2.0333 


F; = (5.9787, 0.3964) Ibf Ans. 
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(b) Eq. (2-35) 
0.556 


= 
2.0333 
k = (9.7656, 0.3899) Ibf/in Ans. 


= 0.3899 Ibf/in 


2-12 The expression € = $/I is of the form x/y. Now 6 = (0.0015, 0.000.092) in, unspecified 
distribution; | = (2.000, 0.0081) in, unspecified distribution; 


C, = 0.000 092/0.0015 = 0.0613 
Cy = 0.0081/2.000 = 0.000 75 
From Table 2-6, € = 0.0015/2.000 = 0.00075 


0.06132 + 0.004 uae : 


d< = 0.00075 
1 + 0.004 052 


= 4,607(10->) = 0.000 046 


We can predict € and 6, but not the distribution of e. 


2-13 o=eceE 
€ = (0.0005, 0.000034) distribution unspecified; E = (29.5, 0.885) Mpsi, distribution 
unspecified; 
C, = 0.000 034/0.0005 = 0.068, 


Cy = 0.0885/29.5 = 0.030 
o is of the form x, y 


Table 2-6 
& =€E = 0.0005(29.5)10° = 14750 psi 
Gy = 14750(0.068" + 0.0307 + 0.0687 + 0.0307)!/? 
= 1096.7 psi 
Cz = 1096.7/14.750 = 0.07435 


2-14 
_ A 
~ AE 


F = (14.7, 1.3) kip, A = (0.226, 0.003) in”, 1 = (1.5, 0.004) in, E = (29.5, 0.885) Mpsi dis- 
tributions unspecified. 


Cr = 1.3/14.7 = 0.0884; C, = 0.003/0.226 = 0.0133; C; = 0.004/1.5 = 0.00267; 
Cr = 0.885/29:5 = 0.03 
Mean of 6: 


) 
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From Table 2-6, 


§ = FI(1/A)(1/E) 

1 1 
0.226 29.5(10°) 
= 0.00331 in Ans. 


5 = 14700(1.5) 


For the standard deviation, using the first-order terms in Table 2-6, 


ae 


bs = Te (Ch+CP+ CA $0) a3(C EC ee +c)” 


Gs = 0.003 31(0.08847 + 0.002677 + 0.01337 + 0.037)!/2 
— (0.000313 in Ans. 


COV 
Cs = 0.000 313/0.003 31 = 0.0945 Ans. 


Force COV dominates. There is no distributional information on 6. 


2-15 M = (15000, 1350) Ibf- in, distribution unspecified; d = (2.00, 0.005) in distribution 
unspecified. 


o is of the form x/y, Table 2-6. 


Mean: 


32M | 32M _ 32(15000) 
nd} md3 (23) 
= 19099 psi_ Ans. 


o= 


Standard Deviation: 


bo = 6 [(Cy + Cp) + Cp)” 


From Table 2-6, Cy = 3Cg = 3(0.0025) = 0.0075 
65 = 6 [(Cy + (3Ca)*)/ + BCa))?] 
= 19099[(0.097 + 0.00757) /(1 + 0.00757)]!/ 
= 1725 psi Ans. 


COV: 
1725 


0008. Avis 
° ~ 79099 ” 


Stress COV dominates. No information of distribution of o. 
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2-16 
fa) 


Fraction discarded is a + 6. The area under the PDF was unity. Having discarded a + 6 
fraction, the ordinates to the truncated PDF are multiplied by a. 


1 
a= ———— 
l= (a B) 
New PDF, g(x), is given by 


i@/Ul=—@+p)) srs 2 2% 
0 otherwise 


g(x) = | 


More formal proof: g(x) has the property 


i= [scpar=af “¢Go.ak 


i=al f ponds ponax f° poyas| 
—oo 0) x2 


1=a{l— F(m) — [1 — FQ@)}} 
oa 1 _ 1 _ I 
— FQ) - Fo) U-p)-a@ 1-(a+8) 


2-17 
(a) d = U[0.748, 0.751] 
0.751 + 0.748 
a= a = 0.7495 in 
0.751 — 0.748 
ea 000stoin 
2/3 
{x)= a ; = 333.3 in! 
hoe Ol soge 
~ 0.748 
rej Sa 558 9G 0748) 


0.751 — 0.748 
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(b) F(x;) = F(0.748) = 0 
F (x2) = (0.750 — 0.748)333.3 = 0.6667 


If g(x) is truncated, PDF becomes 


333.3 
a(s) = 500 ise — — 500 in=! 
fo = 3933 F(x.) — F(x,) 0.6667 — 0 
1 / / 
b 0.748 + 0.750 
F —— Ee aoa 
0.748 0.749 0.750 0.751 2 2 
b’—a' 0.750 — 0.748 
6a nar 
2/3 2/3 
2-18 From Table A-10, 8.1% corresponds to z; = —1.4 and 5.5% corresponds to z2 = +1.6. 
k=pt+zue 
ky = w+ 226 


From which 


Om ake  1OO)—(-14)i1 


z—-z ©) 1.6 —(-1.4) 
= 9.933 
, koa—ky 
—— 
£2 — Z1 
11-9 
= —————_ = (1). 6667 
1.6 — (—1.4) 


The original density function is 


Fk) 1 1 (oes " 
=> —, — ex == —— ns. 
0.6667/2n | 2\ 0.6667 


2-19 From Prob. 2-1, uw = 122.9 kcycles and 6 = 30.3 kcycles. 


_ X19 — UL _ X10 — 122.9 
a -@  - B66 


x19 = 122.9 + 30.3210 


From Table A-10, for 10 percent failure, z39 = —1.282 


tig = 122.9 4-30 5(— 1,282) 
= 84.1 kcycles Ans. 
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Chapter 2 

x of fe fx x fiw) f@) 

60 2 120 7200 60 0.002899 0.000399 

70 1 70 4900 70 0.001449 0.001206 

80 3 240 19200 80 0.004348 0.003 009 

90 5 450 40500 90 0.007246 0.006204 
100 8 800 80000 100 0.011594 0.010567 
110 12 1320 145200 110 0.017391 0.014871 
120, 6 720 86400 120 0.008696 0.017292 
130 10 1300 169000 130 0.014493 0.016612 
140, 8 1120 156800 140 0.011594 0.013185 
150) 5 750 112500 150 0.007246 0.008 647 
160 2 320 51200 160 0.002899 0.004685 
170 3 510 86700 170 0.004348 0.002097 
180 2 360 64800 180 0.002899 0.000776 
190 1 190 36100 190 0.001449 0.000237 
200 0 0 0 200 0 5.98E-05 
210 1 210 44100 210 0.001449 = 1.25E-05 

69 8480 

XK = 122.8986 Sy = 22,887 19 


x f/(Nw) f(x) a f/(Nw) f(x) 
55 0 0.000 214 145 0.011594 0.010935 
55 0.002 899 0.000 214 145 0.007 246 0.010935 
65 0.002 899 0.000711 155 0.007 246 0.006518 
65 0.001 449 0.000711 155 0.002 899 0.006518 
75 0.001 449 0.001 951 165 0.002 899 0.003 21 
75 0.004 348 0.001 951 165 0.004 348 0.003 21 
85 0.004 348 0.004.425 175 0.004 348 0.001 306 
85 0.007 246 0.004.425 75 0.002 899 0.001 306 
95 0.007 246 0.008 292 185 0.002 899 0.000 439 
95 0.011594 0.008 292 185 0.001 449 0.000 439 
105 0.011594 0.012 839 195 0.001 449 0.000 122 
105 0.017391 0.012 839 195 0 0.000 122 
115 0.017391 0.016423 205 0 2.8E-05 
115 0.008 696 0.016 423 205 0.001 499 2.8E-05 
125 0.008 696 0.017357 215 0.001 499 5.31E-06 
125 0.014493 0.017357 215 0 5.31E-06 
135 0.014493 0.015 157 
135 0.011594 0.015 157 
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0.02 - | —— Histogram 
—<— PDE 


2-21 


a f fx fe f/(Nw) f(x) 


174 6 1044 181656 0.003807 0.001642 
182 9 1638 298116 0.005711 0.009485 
190 44 8360 1588400 0.027919 0.027742 
198 67 13266 2626668 0.042513 0.041068 
206 53. 10918 2249108 0.033629 0.030773 
214 12 2568 549552 0.007614 0.011671 
222 6 1332 295704 0.003807 0.002241 


1386 =197 39126 7789204 


= 198.6091 S. = 9.095071 


SI 


x f/(Nw) f(x) 0.045 Data 


—-— PDF 
170 OO 0.000529 ° 
170 0.003807 ~—-0.000529 ~—9035- 
178 0.003807 —-0.004297 om L. 
178 0.005711 0.004297. 
186 0.005711 —-0.017663 
186 0.027919 ~——-0.017663 
194 0.027919 ~——-0.036752 95 
194 0.042513. 0.036752 ~— om 
202. 0.042513. 0.038708 ~— os 
202 0.033629 ~—S>- 0.038 708 ; 


210 0.033 629 0.020635 ae 
210 0.007 614 0.020635 

218 0.007 614 0.005 568 

218 0.003 807 0.005 568 

226 0.003 807 0.00076 

226 0 0.00076 
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xf fe fe fw) _f@®) 
64 2 128 8192 0.008621 0.00548 
68 6 408 27744 0.025862 0.017299 
Tz 6 432 31104 0.025862 0.037705 
76 2 684 51984 0.038793 0.056742 
80 19 1520 121600 0.081897 0.058959 
84 — 10 840 70560 0.043103 0.042298 
88 4 252 30976 0.017241 0.020952 
02 2 184 16928 0.008621 0.007165 
624 58 4548 359088 
xX = 78.41379 Sy = 6.572229 
x f/(Nw) F(x) x f/(Nw) FO) 
62 0 0.002 684 82 0.081 897 0.052 305 
62 0.008 621 0.002 684 82 0.043 103 0.052 305 
66 0.008 621 0.010 197 86 0.043 103 0.031 18 
66 0.025 862 0.010 197 86 0.017241 0.031 18 
70 0.025 862 0.026749 90 0.017241 0.012 833 
70 0.025 862 0.026749 90 0.008 621 0.012 833 
74 0.025 862 0.048 446 94 0.008 621 0.003 647 
74 0.038 793 0.048 446 94 0 0.003 647 
78 0.038 793 0.060581 
78 0.081 897 0.060581 
Ff 
0.09 - Data 
—— PDF 
0.08 
0.07 - 
0.06 |- 
0.05 
0.04 
0.03 - 
0.02 
0.01 - 
0 L_ x 
60 100 
2-23 


o 


oO 


5 
Os, 


4P —_4(40) 
~ td? 212) 
4Gp 48.5) 
~ ad? a(12) 


= 5.9 kpsi 


= 50.93 kpsi 


= 10.82 kpsi 
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For no yield, m = Sy —o = 0 


= x = es _ A 

Om Om Om 
Lm = Sy — & = 27.47 kpsi, 
A a2 a2 /2 
im = (62 +63) = 12.32 kpsi 

—27.47 | m 
= = —2.230 0 
12.3 


From Table A-10, pz = 0.0129 
R=1— pz =1—0.0129=0.987 Ans. 


2-24 Fora lognormal distribution, 


Eq. (2-18) fy = Inpy —In,/1+C2 
Eq. (2-19) 6y = ,/In(1 + C2) 


From Prob. (2-23) 


in = Spo = 


fy = (In5, —In/1+C2 ) - (na ~In,/1 +e) 


éy = [In(1 +3.) +In(1+ cy)" 
= in (1+ €3,) (1+-¢2)] 


ie Sy J1+C5 
an oV1+Cs 


? Jn[(i +3) (1+¢3)| 


_ 4P ~— 4(30) 
= —_= = 38.197 k 
° wd* ~—_7(17) Pst 
7 4op = 4(5.1) : 
= ae (12) = 6.494 kpsi 
6.494 
Cs = ——— = 0.1700 
38.197 
3.81 
Cs, = —— = 0.07681 


» ~~ 49.6 
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49.6 1+ 0.1707 
38.197) 1 + 0.076 817 
z= 


fin [1 + 0.076812)(1 + 0.1702)] 


= —1.470 


From Table A-10 
pf = 0.0708 


R=1— pz =0.929 Ans. 


2-25 
(a) a=1.000+ 0.001 in 
b = 2.000 + 0.003 in 
c = 3.000 + 0.005 in 
d = 6.020 + 0.006 in 
w=d—a—b—c=6.020—1—2—3=0.020in 
tw = otal = 0.001 + 0.003 + 0.005 + 0.006 
= 0.015 in 
w =0.020+0.015in Ans. 
(b) w= 0.020 
‘ : 0.001\?_ /0.003\* _/0.005\* 0.006” 
ou= Vea= (2B) +(F) (OF) (CF) 
= 0.004 86 — 0.005 in (uniform) 
w = 0.020+0.005in Ans. 
2-26 


V+ AV = (a+ Aa)(b + Ab)(c + Ac) 
V+ AV =abc + bcAa + acAb + abAc + small higher order terms 


AV . Aa Ab Ac 
— = + + Ans. 
V a b Cc 

V = abe = 1.25(1.875)(2.75) = 6.4453 in? 

AV _ 0.001 " 0.002 " 0.003 

V_-1.250—«1.875 2.750 


AV = a 58 
AV = ae = 0.00296(6.4453) = 0.0191 in 


= 0.00296 


Lower range number: 
V — AV = 6.4453 — 0.0191 = 6.4262 in? Ans. 


Upper range number: 
V + AV = 6.4453 + 0.0191 = 6.4644 in? Ans. 


26 Solutions Manual e Instructor's Solution Manual to Accompany Mechanical Engineering Design 
2-27 


° fb} 


Wmax = 0.014 in, wWypin = 0.004 in 
w = (0.014 + 0.004) /2 = 0.009 in 
w = 0.009 + 0.005 in 
w=) t-) j=a-b-E 
0.009 = a — 0.042 — 1.000 
a = 1.051 in 
ty = > tall 
0.005 = t, + 0.002 + 0.002 
tg = 0.005 — 0.002 — 0.002 = 0.001 in 
a=1.051+0.001in Ans. 


A a2 A a2 A 
(b) ow = J Onn = (a 7 Op =F 62 
nm a2 


2 =. a2 a2 
Oy = Oy — Fp — 9, 


7 (2085) 7 ea) _ esi 
“hal J3 J3 
6? = 5.667(10-°) 


6g = V5.667(10-°) = 0.00238 in 


a=1.051in, 6g =0.00238in Ans. 


2-28 Choose 15 mm as basic size, D, d. Table 2-8: fit is designated as 15H7/h6. From 
Table A-11, the tolerance grades are AD = 0.018 mm and Ad = 0.011 mm. 


Hole: Eq. (2-38) 
Dove =D = AD = 15 +0018 = 15.018 mm. Ans. 
Din = D=15.000mm _ Ans. 
Shaft: From Table A-12, fundamental deviation 67 = 0. From Eq. (2-39) 
dese =a 097 = 150004-0= 15.000 mm: + Ans. 
dmin = d + 5p — Ad = 15.000 + 0 — 0.011 = 14.989 mm _ Ans. 


2-29 Choose 45 mm as basic size. Table 2-8 designates fit as 45H7/s6. From Table A-11, the 
tolerance grades are AD = 0.025 mm and Ad = 0.016 mm 


Hole: Eq. (2-38) 
Dmax = D+ AD = 45.000 + 0.025 = 45.025 mm _ Ans. 
Din = D = 45.000 mm _ Ans. 
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Shaft: From Table A-12, fundamental deviation 6¢ = +0.043 mm. From Eq. (2-40) 
dmin = d + dr = 45.000 + 0.043 = 45.043 mm __ Ans. 
dmax = d + dr + Ad = 45.000 + 0.043 + 0.016 = 45.059 mm _ Ans. 


2-30 Choose 50 mm as basic size. From Table 2-8 fit is 5|0H7/g6. From Table A-11, the tolerance 
grades are AD = 0.025 mm and Ad = 0.016 mm. 


Hole: 


Dmax = D+ AD = 50+ 0.025 = 50.025 mm _ Ans. 
Doin = D = 50.000 mm _ Ans. 


Shaft: From Table A-12 fundamental deviation = —0.009 mm 
dmax = d + 6¢ = 50.000 + (—0.009) = 49.991 mm _ Ans. 
dmin = d +57 — Ad 
= 50.000 + (—0.009) — 0.016 
= 49.975 mm 


2-31 Choose the basic size as 1.000 in. From Table 2-8, for 1.0 in, the fit is H8/f7. From 
Table A-13, the tolerance grades are AD = 0.0013 in and Ad = 0.0008 in. 


Hole: 
Dax = D+ (AD)note = 1.000 + 0.0013 = 1.0013 in Ans. 


Dymin = D = 1.0000in Ans. 
Shaft: From Table A-14: Fundamental deviation = —0.0008 in 


dmax = d + dr = 1.0000 + (—0.0008) = 0.9992 in Ans. 
dmin = d + dr — Ad = 1.0000 + (—0.0008) — 0.0008 = 0.9984 in Ans. 


Alternatively, 
dmin = dmax — Ad = 0.9992 — 0.0008 = 0.9984 in. Ans. 


2-32 


D, =W+D,;+W 
Do=W+D,+W 
= 0.139 + 3.734 + 0.139 = 4.012 in 
tp, = tan = 0.004 + 0.028 + 0.004 
= 0.036 in 
D, = 4.012 + 0.036in Ans. 
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D, = D; +2W 
Do = D; +2W = 208.92 + 2(5.33) 
= 219.58 mm 


tp, = >t = tp, + ty 
all 


= 1.30 + 2(0.13) = 1.56 mm 
Do = 219.58 +1.56mm_ Ans. 


2-34 


D, =D; +2W 
D, = D; +2W = 3.734 + 2(0.139) 
= 4.012 mm 


tp, = [SP =[3, + Quy)” 
all 


= [0.0287 + (2)7(0.004)7]!/ 
— 0.029 in 
Do = 4.012 £ 0.029 in Ans. 


2-35 


D, =D; +2W 
D, = D; +2W = 208.92 + 2(5.33) 
= 219.58 mm 


ip. = ps 1? = [1.307 + (2)7(0.13)7]!/? 


= 1.33 mm 
Do = 219.58+1.33 mm _ Ans. 


2-36 


(a) : w w=F-W 
| OF F —W =0.106 —0.139 


— 3s t = 0.003 + 0.004 
all 
ty = 0.007 in 


Wmax = W+ ty = —0.033 + 0.007 = —0.026 in 
Wmin = W— ty = —0.033 — 0.007 = —0.040 in 


The minimum “squeeze” is 0.026 in. Ans. 
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(b) - y Ymax = Do = 4.012 in 
6 D, TF} Ymin = max[0.99D,, Do — 0.06] 
O = max[3.9719, 3.952] = 3.972 in 
Y = 3.992 + 0.020 in 
Do+tw-Y= 
w=Y—D, 


Wmin = —0.076 in 


w=Y— D, = 3.992 — 4.012 = —0.020 in 


ty = ) >t = ty + tp, = 0.020 + 0.036 = 0.056 in 
all 


w = —0.020 + 0.056 in 


end plate. 


Winx = 0.036 1m O-ring is more likely compressed than free prior to assembly of the 


2-37 
(a) 


(b) 


Figure defines w as gap. 


OF | 
= 4.32 — 5.33 = —1.01 mm 


ty = a: = tr +tw =0.13+0.13 = 0.26 mm 
all 
Wmax = Ww + tw = —1.01 + 0.26 = —0.75 mm 


Wmin = W— ty = —1.01 — 0.26 = —1.27 mm 


F—-W 
F-W 


The O-ring is “squeezed” at least 0.75 mm. 


- y Ymax = Do = 219.58 mm 
5 D, Tl Yimin = max[0.99D,, Dp — 1.52] 
O = max[0.99(219.58, 219.58 — 1.52)] 
= 217.38 mm 


Y = 218.48 + 1.10mm 


From the figure, the stochastic equation is: 
Do, +w=Y 
Or, w=Y-D, 


w= Y=), = 21848 =21956= 110mm 
ty =) t= ty + tp, = 1.10+0.34 = 1.44 mm 
all 
Wma = W+ty = —1.104+ 1.44 = 0.34 mm 
Wmin = W—ty = —1.10— 1.44 = —2.54 mm 
The O-ring is more likely to be circumferentially compressed than free prior to as- 
sembly of the end plate. 
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a3 Wmax = —0.020 in, wWmin = —0.040 in 
b ace bd d = 1 ; 
is i i | v= 5 (—0.020 + (—0.040)) = —0.030 in 
I a 1 
ty = 5 (0.020 — (—0.040)) = 0.010 in 
b = 0.750 + 0.001 in 
c = 0.120 + 0.005 in 
d = 0.875 0.001 in 
w=a—b—é-d 
—0.030 = a — 0.875 — 0.120 — 0.750 
G@ = 0.875 + 0.120 + 0.750 — 0.030 
a = 1.715 in 
Absolute: 


ty = Sor = 0.010 = 4 + 0.001 + 0.005 + 0.001 
all 


ta = 0.010 — 0.001 — 0.005 — 0.001 
= 0.003 in 
a=1.715+40.003 in Ans. 
Statistical: For a normal distribution of dimensions 
H=)Pang+g+e ty 
all 
1/2 
f= Ca=b=2=2)" 
= (0.0107 — 0.0017 — 0.005” — 0.0017)!/7 = 0.0085 
a=1.715+40.0085 in Ans. 


2-39 
hs n nx nx? 
a2 19 1767 164 311 
95 20 2375 225 625 
oF 38 3685 357 542 
99 17 1683 166 617 
101 12 1212 122 412 
103 10 1030 106 090 
105 2) 525 32.125 
107 - 428 45 796 
109 - 436 47 524 
111 -2 222 24 624 


136 13 364 1315 704 


X = 13364/136 = 98.26 kpsi 


1315704 — 13 364/136 
135 


a 
hat 
ll 


1/2 
) = 4.30 kpsi 
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Under normal hypothesis, 
20.01 = (X0.01 — 98.26) /4.30 
X0.01 = 98.26 + 4.302z0.01 
= 98.26 + 4.30(—2.3267) 
= 88.26 = 88.3 kpsi_ Ans. 


2-40 


From Prob. 2-39, 4, = 98.26 kpsi, and 6, = 4.30 kpsi. 
Cy = 6y/ px = 4.30/98.26 = 0.043 76 
From Eqs. (2-18) and (2-19), 
[ly = In(98.26) — 0.043 767 /2 = 4.587 
Gy = V/In(1 + 0.043 762) = 0.043 74 


For a yield strength exceeded by 99% of the population, 
Zo.01 = Unx0.01 — My)/6y => Inxoo1 = My + GyZ0.01 
From Table A-10, for 1% failure, z9.9) = —2.326. Thus, 


In x0.01 = 4.587 + 0.043 74(—2.326) = 4.485 
X0.01 = 88.7 kpsi Ans. 


The normal PDF is given by Eq. (2-14) as 


@) 1 = 1 (: = 26) 
QS S| Se fe 
430/20? | 2\ 430 


For the lognormal distribution, from Eq. (2-17), defining g(x), 


i 1 1 ( ey 
“= eg | Sf 
BO" * (0.04374) Jin? | 2\ 0.04374 


x(kpsi) —f/(Nw) Ff (x) 8 (x) x(kpsi) — f/(Nw) Ff (x) 8 (x) 
92 0.00000 0.03215 0.03263 102 0.03676 0.06356 0.06134 
92 0.06985 0.03215 0.03263 104 0.03676 0.03806 0.03708 
94 0.06985 0.05680 0.05890 104 0.01838 0.03806 0.03708 
94 0.09191 0.05680 0.05890 106 0.01838 0.01836 0.01869 
96 0.09191 0.08081 0.08308 106 0.01471 0.01836 0.01869 
96 0.13971 0.08081 0.08308 108 0.01471 0.00713 0.00793 
98 O13971 O.09261 0.09297 108 0.01471 0.00713 0.00793 
98 0.06250 0.09261 0.09297 110 0.01471 0.00223 0.00286 
100 0.06250 0.08548 0.08367 110 0.00735 0.00223 0.00286 
100 0.04412 0.08548 0.08367 112 0.00735 0.00056 0.00089 
102 0.04412 0.06356 0.06134 112 0.00000 0.00056 0.00089 


Note: rows are repeated to draw histogram 
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0.16 F — Histogram 
—— fe 
=== ot) 


So 

= 

i 
T 


Ss S 

=) S an 

oo — i} 
T T T 


Probability density 


Ss 

Se 

a 
T 


0.04 | 


90 92 94 96 998 100 102 104 106 108 #110 112 
x (kpsi) 


The normal and lognormal are almost the same. However the data is quite skewed and 
perhaps a Weibull distribution should be explored. For a method of establishing the 
Weibull parameters see Shigley, J. E., and C. R. Mischke, Mechanical Engineering Design, 
McGraw-Hill, 5th ed., 1989, Sec. 4-12. 


2-41 


Let x = (S' fe) 10! 
x9 =79 kpsi, 6 =86.2kpsi, b= 2.6 
Eq. (2-28) 
X =xXo9 + (0 — x0) + 1/bd) 
¥=794 (86.2 —79)I(1 + 1/2.6) 
= 79+ 7.21 (1.38) 


From Table A-34, (1.38) = 0.888 54 


X¥ = 79 + 7.2(0.888 54) = 85.4 kpsi Ans. 
Eq. (2-29) 
6, = (6 — xo) [TC + 2/b) — P71 + 1/b)]'7 
= (86.2 — 79)[F(1 + 2/2.6) — P71 + 1/2.6)]!/7 
= 7.2[0.923 76 — 0.888 547]!/2 
= 2.64 kpsi Ans. 
6. 2.64 


Cy = — = —— =0.031 Ans. 
x 85.4 
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*=Sy 
xo = 27.7, @0=46.2, b=4.38 
[lx = 27.7 + (46.2 — 27.7) PC + 1/4.38) 
= 27.7 + 18.5 (1.23) 
= 27.7 + 18.5(0.91075) 
= 44.55 kpsi_ Ans. 


Chapier 2 


6, = (46.2 — 27.7)[TC1 + 2/4.38) — F721 + 1/4.38)]!/ 
= 18.5['(1.46) — 17(1.23)]!/ 
= 18.5[0.8856 — 0.910 757]!/? 
= 4.38 kpsi Ans. 
4.38 


yy = —— = 0.098 Ans. 
44.55 


From the Weibull survival equation 


b 
r=e|-(F=2) |=1-p 
b 


A= 7 
= exp | — | —~——_~ = 0.846 
46.2 — 27.7 


Pao = 1 — Rag = 1 — 0.846 = 0.154 = 15.4% _ Ans. 
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2-43 
x= Sut 


xo = 151.9, 0 = 193.6,b =8 
[ey = 151.9 + (193.6 — 151.9) (1 + 1/8) 
= 151.9+ 41.71 (1.125) 
= 151.9 + 41.7(0.941 76) 
= 191.2kpsi Ans. 
Ge = (193.6 — 151.9) (1 1 42/8) —T° 0 + 1/87" 
= 41.7(1(1.25) — 7(1.125)]!/7 
= 41.7[0.906 40 — 0.941 767]!/2 
= 5.82 kpsi Ans. 
582 


= ——_ = (0.030 
Cx 191.2 


2-44 


x= Sut 


Xo = 47.6, 0 = 125.6, b = 11.84 
X% = 47.6 + (125.6 — 47.6) + 1/11.84) 
x = 47.6 + 781T(1.08) 
= 47.6 + 78(0.959 73) = 122.5 kpsi 
6, = (125.6 — 47.6)[T(1 + 2/11.84) — P21 + 1/11.84)]!/7 
= 78['(1.08) — 7(1.17)]!/2 
= 78(0.959 73 — 0.936 707)!/2 
= 22.4 kpsi 
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= 1 —ex x= x0) 
p= p 6 — 


100476 4°" 
= — ex = — 
a 125.6 —47.6 


= 0.0090 Ans. 


From Prob. 2-42 


yo = 64.1, 6 = 81.0, b = 3.77 
F = 64.1 + (81.0 — 64.1I)F(1 + 1/3.77) 
= 64.1 + 16.91(1.27) 
= 64.1 + 16.9(0.902 50) 
= 79,35 kpsi 
oy = (81 — 64.1)(T1 + 2/3.77) —Td + 1/3.77]'” 
oy = 16.9[(0.887 57) — 0.902 507]'/? 
= 4.57 kpsi 


=o \>" 
Dp exp G — 7) | 0.019 Ans 


2-45 x = Sy; = W[122.3, 134.6, 3.64] kpsi, p(x > 120) = 1 = 100% since xo > 120 kpsi 


3-13 
ia) 2a |= (2 
a vo (Geass) | 


= 0.548 = 54.8% Ans. 


2-46 Using Eqs. (2-28) and (2-29) and Table A-34, 
jin = to + (8 — ng VC + 1/6) = 36.9 + 033.6 — 36.9) (1+ 1/2.66) = 122.85 keycles 
Gn = (0 —no)[TC + 2/b) — F7(1 + 1/b)] = 34.79 keycles 
For the Weibull density function, Eq. (2-27), 


fun) = —2'% n— 36.9 \7! n— 36.9 \*° 
WM = 733.6 = 36.9 \ 133.6 — 36.9 on 133.6 — 36.9 


For the lognormal distribution, Eqs. (2-18) and (2-19) give, 


jly = In(122.85) — (34.79/122.85)"/2 = 4.771 
Gy = VE + (34.79/122.85)?] = 0.2778 
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From Eq. (2-17), the lognormal PDF is 


Anita 1 1 (amy 
n) = — &€x = 
= 0.2778 nJin | 2\ 0.2778 


We form a table of densities fy(n) and fr (n) and plot. 


n(kcycles) fw(n) fin(n) 

40 9.1E-05 1.82E-05 

50 0.000 991 0.000 241 

60 0.002 498 0.001 233 

70 0.004 380 0.003 501 

80 0.006 401 0.006 739 

90 0.008 301 0.009 913 
100 0.009 822 0.012022 
110 0.010750 0.012 644 
120 0.010965 0.011 947 
130 0.010459 0.010399 
140 0.009 346 0.008 492 
150 0.007 827 0.006 597 
160 0.006 139 0.004 926 
170 0.004 507 0.003 564 
180 0.003 092 0.002515 
190 0.001 979 0.001 739 
200 0.001 180 0.001 184 
210 0.000 654 0.000795 
220 0.000 336 0.000 529 


0 50 100 150 200 250 
n, kcycles 


The Weibull L10 life comes from Eq. (2-26) with a reliability of R = 0.90. Thus, 
no.10 = 36.9 + (133 — 36.9)[In(1/0.90)]!/7- = 78.1 kcycles Ans. 
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The lognormal L10 life comes from the definition of the z variable. That is, 
Inno = fy +GyzZ or no = exp(y + yz) 
From Table A-10, for R = 0.90, z = —1.282. Thus, 
no = exp[4.771 + 0.2778(—1.282)] = 82.7 kcycles Ans. 


2-47 Form atable 


x g(x) 
i “Ld; fF #2007) 720 (10°) 


3.05 a 9.15 27.9075 0.0557 
3.55 7 24.85 88.2175 0.1474 
4.05 11 44.55 180.4275 0.2514 
4.55 16 72.80 331.24 0.3168 
106.05 33d. 220 0.3216 


OMONNNBRWYPNe 
Nn 
i) 
Nn 
i) 
— 


13 7215 400.4325 0.2789 

6.05 ie 78.65 475.8325 0.2151 

6.55 6 39.30 257.415 O1SL7 

7.05 2 14.10 99.405 0.1000 

10 es) 0 0 0 0.0625 
11 8.05 + 32.20 Pa PPA 0.0375 
12 B50 2 25.65 219.3075 0.0218 
LBs, 9.05 0 0 0 0.0124 
14 955 0 0 0 0.0069 
15 10.05 1 10.05 101.0025 0.0038 


100 529.50 2979.95 


* = 529.5(10°)/100 = 5.295(10°) cycles Ans. 


2975.95(10!) — [529.5(105)]2/100] 1/7 
100 —1 


Sx 
= 1.319(10°) cycles Ans. 

Cy = 5/% = 1.319/5.295 = 0.249 

[ty = In 5.295(10°) — 0.2497/2 = 13.149 


dy = VIn(1 + 0.2497) = 0.245 


() 1.628 1 /Inx — 13.149\? 
= — exp] — 
ae x '| 2 0.245 


Chapier 2 


10° gx) 
0.5 


Superposed 
histogram 
and PDF 


0.4 


0.3 


0.1 


3.05(10°) 10.05(10°) 


x, cycles 
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2-48 


2-49 


x = S, = W([70.3, 84.4, 2.01] 
Eq. (2-28) pix = 70.3 + (84.4 — 70.3)PC + 1/2.01) 
= 70.3 + (84.4 — 70.3) (1.498) 
= 70.3 + (84.4 — 70.3)0.886 17 
= 82.8 kpsi Ans. 


Eq. (2-29) 6 = (844-703) 4272.00 =1°+1/72.0p)]" 
6, = 14.1[0.997 91 — 0.886 177]!/7 


= 6.502 kpsi 
6.502 
x = —— =0.079 Ans. 
C. 37.8 0.079 ns 


Take the Weibull equation for the standard deviation 
6x = (6 — xo)[TC + 2/b) — F7(1 + 1/b)]'” 
and the mean equation solved for x — x9 
X — x9 = (0 —x)T14+1/d) 
Dividing the first by the second, 


6 — (TU +2/b) 11 + 1/b)]'/? 
Ex PC + 1/b) 


4.2 /T(1 +2/b) 
— —1=VJR = 0.2763 
49 — 33.8 \12(1+1/b) 
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Make a table and solve for b iteratively 


b 1+2/b 1+1/b TU+2/b) TU +1/b) 


3 1.67 1,33 0.903 30 0.89338 0.363 
+ 13 1.25 0.886 23 0.90640 0.280 
4.1 1.49 1.24 0.885 95 0.90852 0.271 


b = 4.068 Using MathCad Ans. 


= 49 — 33.8 
jag = aa.g4 
rd + 1/b) T(1 + 1/4.068) 
= 49.8 kpsi Ans. 
2-50 
x = Sy = W[34.7, 39, 2.93] kpsi 
X = 34.7 + (39 — 34.7) + 1/2.93) 
= 34.7 + 4.31(1.34) 
= 34.7 + 4.3(0.892 22) = 38.5 kpsi 
6 = (39 — 34.7)(T1 + 2/2.93) — P71 + 1/2.93)]!/ 
= 4.3[0 (1.68) — F7(1.34)]!7 
= 4,3[0.905 00 — 0.892 227]!/2 
= 1.42 kpsi_ Ans. 
Cy = 1.42/38.5 = 0.037. Ans. 
2-51 
x (Mrev) - 7x fxr 
1 11 ll ll 
2 22 44 88 
3 38 114 342 
4 57 228 912 
5 31 155 775 
6 19 114 684 
7 15 105 735 
8 12 96 768 
9 ll 99 891 
10 9 90 900 
ll 7 77 847 
12 % 60 720 
Sum 78 237 1193 1673 


[tx = 1193(10°)/237 = 5.034(10°) cycles 


. 7673(10!2) — [1193(10°)]2/237 
CC —— 

: 247 =A 
Cy = 2.658/5.034 = 0.528 


= 2.658(10°) cycles 
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From Eqs. (2-18) and (2-19), 
[Ly = In[5.034(10°)] — 0.5287/2 = 15.292 


Gy = vIn(1 + 0.5287) = 0.496 


From Eq. (2-17), defining g(x), 


(2) 1 1 (™ = ae 
XS a CX = 
x(0.496)/27 Plv 0.496 


x(Mrev) f/(Nw) — g(x)- (10°) 


39 


03 0.000 00 0.000 11 
0.5 0.04641 0.000 11 
13 0.04641 0.052 04 
I es 0.092 83 0.052 04 
20 0.092 83 0.16992 
2) 0.16034 0.16992 
3.5 0. 160 34 0.207 54 0.25 — Histogram 
i ee 0.24051 0.207 54 ee 
4.5 0.24051 0.178 48 
4.5 0.13080 0.178 48 
Jind 0.13080 0.13158 _ 
3.5 0.080 17 0.13158 2 
6.5 0.080 17 0.090 11 = 
6.5 0.063 29 0.090 11 
Ps) 0.063 29 0.05953 
ies) 0.050 63 0.059 53 
8.5 0.050 63 0.038 69 
8.5 0.04641 0.038 69 
Bs 0.04641 0.02501 
Pe 0.037 97 0.025 01 
10.5 0.037 97 0.01618 
10.5 0.029 54 0.01618 
11,5 0.029 54 0.01051 
11.5 0.02110 0.01051 
12.5 0.021 10 0.006 87 
12.5 0.000 00 0.006 87 
Inx — py ie 
.= a => Inx = py + oyz = 15.292 + 0.496z 
y 


Lo life, where 10% of bearings fail, from Table A-10, z = —1.282. Thus, 


Inx = 15.292 + 0.496(—1.282) = 14.66 
* x =2.32x 10° rev Ans. 
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Chapter 3 


From Table A-20 
Sut = 470 MPa (68 kpsi), Sy = 390 MPa (57kpsi) Ans. 


3-2 


From Table A-20 
Sut = 620 MPa (90 kpsi), Sy = 340MPa (49.5 kpsi) Ans. 


Comparison of yield strengths: 


620 
Sut of G10 500 HR is 0 = 1.32 times larger than SAE1020 CD Ans. 


390 
Sy; of SAE1020 CD is 340 = 1.15 times larger than G10500 HR Ans. 
From Table A-20, the ductilities (reduction in areas) show, 
40 
SAE1020 CD is 35 = 1.14 times larger than G10500 Ans. 


The stiffness values of these materials are identical Ans. 


Table A-20 Table A-5 
Sut Sy Ductility Stiffness 

MPa (kpsi) MPa (kpsi) R% GPa (Mpsi) 
SAE1020 CD 470(68) 390 (57) 40 207(30) 
UNS10500 HR 620(90) 340(495) 35 207(30) 


3-4 


From Table A-21 
1040 Q&T Sy = 593 (86) MPa (kpsi) at 205°C (400°F) Ans. 
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From Table A-21 
1040 Q&T R=65% at 650°C (1200°F) Ans. 
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Using Table A-5, the specific strengths are: 


S 39.5(10%) 
UNS G10350 HR steel: — = ———— = 1.40(10° Ans. 
stee W 0.282 (10°) in ns 
S, 43003 
2024 T4 aluminum: = = ne 2 4.39(10°)in Ans. 
W 0.098 
5 140(10 
Ti-6AlL-4V titanium: — = se) = 8.75(10°)in Ans. 
WwW 0.16 


ASTM 30 gray cast iron has no yield strength. Ans. 
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3-7 The specific moduli are: 
E —30(10°) ge 
UNS G10350 HR steel: — = 1.06(10 Ans. 
stee W 0.282 (10°) in ns 
E — 10.3(10°) ba 
2024 T4 al 5 = = mm = 1.05(10 Ans. 
aluminum W 0.098 (10°) in ns 
E  16.5(10° 
Ti-6AI-4V titanium: W = _ ) = 1.03(10°)in Ans. 
E  14.5(10° 
Gray cast iron: 7 = = 5.58(10’)in Ans. 
3-8 2G(+v)=E => = 
- 3s = 
"oe 
From Table A-5 
30 — 2(11.5) 
Steel: = ————_ = 0.304 Ans. 
= 211.5) iia 
10.4 — 2(3.90 
Aluminum: = ao ) = 0.333 Ans. 
Berylli 18 ~ 2) _ 9.086 A 
ryllium copper: = ———— =0. : 
erylliu ppe XT) ns 
14.5 — 2(6 
Gray cast iron: = a = 0.208 Ans. 


Stress P/Ay kpsi 


S,, = 85.5 kpsi Ans. 
S, = 45.5 kpsi_ Ans. 


30 i E = 90/0.003 = 30 000 kpsi_ Ans. 
/ 
A, —A = 
/ o Ar —_ 0.1987 — 0.1077 ; 
20 | i 01987 (100) = 45.8% Ans. 
/ 
[4 A 
10 / = Al 0 1 1 0 1 
; I, ly ly A 
if 
0 v l | l | | | | 
0 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 (Lower curve) 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 (Upper curve) 


Strain, € 
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To plot Oirue VS. €, the following equations are applied to the data. 


__ 1 (0.503)* 


o= = 0.1987 in” 
4 


/ 
Eq. (3-4) é=In i. for O0< AL < 0.0028 in 
0 


Ao . 
é=In A for AL > 0.0028 in 


? 


Otrue = > 
The results are summarized in the table below and plotted on the next page. 
The last 5 points of data are used to plot log o vs log € 
The curve fit gives m = 0.2306 
log o9 = 5.1852 => oo = 153.2 kpsi 
For 20% cold work, Eq. (3-10) and Eq. (3-13) give, 
A = Ao(1 — W) = 0.1987(1 — 0.2) = 0.1590 in* 


Ap . 0.1987 
aq Sp Se 
og aa 


Ans. 


Eq. (3-14): 
S\, = oe” = 153.2(0.2231)°7° = 108.4kpsi Ans. 
Eq. (3-15), with S,, = 85.5 kpsi from Prob. 3-9, 


‘= Pe. 2 = 1060 kpsi_ Ans. 
1-Ww 1-02 
P AL A € Otrue log € log Otrue 
0 0 0.198713 0 0 

1000 0.0004 0.198713 0.0002 5032.388 —3.69901 3.701774 
2.000 0.0006 0.198713 0.0003 10064.78  —3.52294 4.002 804 
3000 0.0010 0.198713 0.0005 15097.17 —3.30114 4.178 895 
4000 0.0013 0.198713 0.000 65 20129.55 3.18723 4.303 834 
7000 0.0023 0.198713 0.001 149 35226.72 —2.93955 4.546 872 
8400 0.0028 0.198713 0.001 399 42272.06  —2.85418 4.626053 
8 800 0.0036 0.1984 0.001575 44354.84 —2.80261 4.646941 
9200 0.0089 0.1978 0.004 604 46511.63 —2.33685 4.667 562 
9100 0.1963 0.012216 46357.62 —1.91305 4.666 121 
13200 0.1924 0.032 284 68607.07 —1.49101 4.836 369 
15200 0.1875 0.058 082 81066.67 —1.23596 4.908 842 

17000 0.1563 0.240083 108765.2  —0.61964 5.03649 
16400 0.1307 0.418956  125478.2 —0.37783 5.098 568 
14800 0.1077 0.612511 137418.8  —0.21289 5.138046 


Chapier 3 


160000 |- 
140000 
120000 
100000 

80000 


True (psi) 


60000 
40000 
20000 

0 


0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 


y = 0.2306x + 5.1852 


| 
wn 
logo 
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3-11 Tangent modulus ato = 0 is 


Ac . 5000 
Ey = 


Ato = 20 kpsi 
. (26 — 19)(10°) 


—0 
Ae 02010) —0 


= 25(10°) psi 


6 : 
E29 = 5—Dd0-3) > 14.0(10°) psi Ans. 
(107°) a (kpsi) or 
O 0 50 
0.20 5 dit 
0.44 10 é 
0.80 16 ¢ 30 L (S,)o.001 = 35 kpsi_ Ans. 
1.0 19 
Es) 26 ae 
2.0 32 
2.8 40 lob 
3.4 46 
4.0 49 
5.0 54 


3-12 From Prob. 2-8, for y = ajx + anx?” 
_ Dyle = Dxyhx 
“1 Sxbx? — (xy 


_ Uxuxy — yea 
eS Ege = (Eee 
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Let x represent ¢(10~*) and y represent o (kpsi), 


XxX y x? x xy 
0 0 0 0 0 
0.2 5 0.04 0.008 1.0 
0.44 10 0.1936 0.085 184 44 
0.80 16 0.64 0.512 12.8 
1.0 19 1.00 1.000 19.0 
1.5 26 2.25 3.375 39.0 
2.0 32 4.00 8.000 64.0 
2.8 40 7.84 21.952 112.0 
3.4 46 11.56 39.304 156.4 
4.0 49 16.00 64.000 196.0 
5.0 54 25.00 125.000 270.0 
E=21.14 297 68.5236 263.2362 874.6 
Substituting, 
297(263.2362) — 874.6(68.5236) 
_ = 20,993 67 
“1 97 14(263.2362) — (68.5236) 
21.14(874.6) — 297(68.52 
o (874.6) ~ 297(68.5236) 45 4p 


~ 21.14(263.2362) — (68.5236)? 


The tangent modulus is 


dy do 
; a 20.993 67 — 2(2.142 42)x = 20.993 67 — 4.284 83x 
x € 
Ato =0, Eg = 20.99 Mpsi_ Ans. 
At o = 20 kpsi 


20 = 20.993 67x — 2.142 42x? = x = 1.069, 8.73 
Taking the first root, ¢ = 1.069 and the tangent modulus is 
Ex9 = 20.993 67 — 4.284 83(1.069) = 16.41 Mpsi Ans. 
Determine the equation for the 0.1 percent offset line 
y=2009 +b atya=OjeHl 2. b==20.99 
y = 20.99x — 20.99 = 20.993 67x — 2.142 42x? 
2.14242x* —20.99=0 => x =3.130 


(Sy)o,001 = 20.99(3.13) — 2.142(3.13)? = 44.7 kpsi_ Ans. 


3-13 


Since |€,| = |e; | 
R+h R R+WN 
In = |In = /—In 
R+WN R+WN R 
R+h _ R+wN 
R+N R 


(R+N)? = R(R +h) 
From which, N?+2RN — Rh=0 
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n\t2 
The roots are: N=R - + (1 + z) | 


The + sign being significant, 


h 1/2 


Substitute for NV in 
R+h 
o =In 
R+wN 
R+h h\\? 
Gives €) = In ———>_ 42 = In LS Ans. 
r+r(1+5) —R 


These constitute a useful pair of equations in cold-forming situations, allowing the surface 
strains to be found so that cold-working strength enhancement can be estimated. 


3-14 


167 —s:16T 10-6 
md3——-(12.5)3 (10-3)3 


t 4 
(a) o(a)a25 
180 180 = 
= = = 6:2 1 ° 
7 350 6.2333(10 “)é 


t= = 2.6076T MPa 


For G, take the first 10 data points for the linear part of the curve. 


6 y(1073) t (MPa) 
T  (deg.) y(10~°) ~~ t(MPa) x y 7 xy 
0 oO 0 0 0 0 0 0 
7.7 0.38 0.236865 20.07852 0.236865  20.07852 0.056105 4.7559 
15.3 0.80 0.498664  39.89628 0.498664  39.89628 0.248666 _—19.8948 
23.0 1.24 0.772929 59.9748 0.772929 59.9748 0.597420 46.3563 
30.7 1.64 1.022261  80.05332 1.022261  80.05332 1.045018 — 81.8354 
38.3 2.01 1.252893 99.87108 1.252893 99.87108 1.569742 125.1278 
46.0 2.40 1.495992 119.9496 1.495992 119.9496 2.237992 179.4436 
53.7. 2.85 1.776491 140.0281 1.776491 140.0281 3.155918 248.7586 
61.4 3.25 2.025823 160.1066 2.025823 160.1066 4.103957 324.3476 
69.0 3.80 2.368654 179.9244 2.368654 179.9244 5.610522 426.1786 
76.7 4.50 2.804985 200.0029 > = 11.45057 899.8828  18.62534  1456.6986 
80.0 5.10 3.178983 208.608 
85.0 6.48 4.039178 221.646 
90.0 8.01 4.992873 234.684 
95.0 9.58 5.971501 247.722 


11.18 6.968829 260.76 
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300 


7 (MPa) 


y (10-%) 


y=mx+b, t=y, y =x where mis the shear modulus G, 


NUxy — Ux¥ MP 
i ee ee 
NSx2 — (Bx) 10-3 


_ yy -mx&ux 


b = 1.462 MPa 


From curve Sy; = 200 MPa_ Ans. 
Note since t is not uniform, the offset yield does not apply, so we are using the elastic 
limit as an approximation. 


3-15 

x f 7x fx 
38.5 2 77.0 2964.50 
agS 9 303.5 14042.25 
40.5 30 1215.0 49 207.50 
41.5 65 2697.5 111 946.30 
42.5 101 4292.5 182 431.30 
43.5 112 4872.0 211 932.00 
44,5 90 4005.0 178:222,50 
45.5 54 2457.0 111793.50 
46.5 Zo 1162.5 54 056.25 
47.5 9 427.5 20 306.25 
48.5 2 97.0 4704.50 
49.5 1 49.5 2 450.25 

Y= 528.0 500 21 708.0 944 057.00 


944 057 — (21 708/500) 
300 = 1 


= 1.7808 


¥ = 21708/500 = 43.416, 6, = / 


Cy = 1.7808/43.416 = 0.041 02, 
jy = 1n43.416 — In(1 + 0.041 027) = 3.7691 
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Gy = V/In(1 + 0.041 02?) = 0.0410, 


ie 1 1 (™ = reel) 
Xx) = ex _— 
° x(0.0410)/27 Pl 3 0.0410 


x f/(Nw) g(x) x f/(Nw) g(x) 
38 0 0.001 488 45 0.180 0.142 268 
38 0.004 0.001 488 45 0.108 0.142 268 
39 0.004 0.009 057 46 0.108 0.073 814 
39 0.018 0.009 057 46 0.050 0.073 814 
40 0.018 0.035 793 47 0.050 0.029 410 
40 0.060 0.035 793 47 0.018 0.029 410 
41 0.060 0.094704 48 0.018 0.009 152 
41 0.130 0.094704 48 0.004 0.009 152 
42 0.130 0.172538 49 0.004 0.002 259 
42 0.202 0.172538 49 0.002 0.002 259 
43 0.202 0.222 074 50 0.002 0.000 449 
43 0.224 0.222074 50 0 0.000449 
AA 0.224 0.206 748 

44 0.180 0.206748 


f@) 
0.25 L | —— Histogram 
—-— PDF 


0.2 - 


0.15 F 


0.1 - 


0.05 - 


0 
35 


Sy = LN(43.42, 1.781) kpsi Ans. 


3-16 From Table A-22 


AISI 1212 Sy =28.0kpsi, of = 106kpsi, Sys = 61.5 kpsi 
09 = 110 kpsi, m=0.24, ef = 0.85 

From Eq. (3-12) Ey =m = 0.24 

Eq. (3-10) a I 495 


A iS W 1-02 
Eq. (3-13) e; =In1.25=0.2231 > 8 <e 
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Eq. (3-14) S\, = age)" = 110(0.2231)°** = 76.7 kpsi_ Ans. 
Eq. (3-15) a gba A 
oe ‘l= t-02 °° oe 
3-17 For Hg = 250, 
Eq. (3-17) S, = 0.495 (250) = 124 kpsi 
= 3.41 (250) = 853 MPa 
3-18 For the data given, 


S" He = 2530) Hg = 640226 


_ _ 2530 640226 — (2530)2/10 
Ag = —— = 253 in| eo 


= — 3.887 
B10 9 
Eq. (3-17) ; 
S, = 0.495(253) = 125.2 kpsi_ Ans. 
sy = 0.495(3.887) = 1.92 kpsi Ans. 
3-19 From Prob. 3-18, Hg = 253 and Gypg = 3.887 
Eq. (3-18) 
S, = 0.23(253) — 12.5 = 45.7 kpsi_ Ans. 
sy = 0.23(3.887) = 0.894 kpsi Ans. 
vy (a) _ 45.5" 34.5in-Ibf/fin® A 
= ee : : ns. 
ER = 9(30) 
(b) 
P AL A Ao/A—1 € o = P/Ag 
0 0 0 0 
1000 0.0004 0.0002 5 032.39 
2000 0.0006 0.0003 10 064.78 
3.000 0.0010 0.0005 15 097.17 
4.000 0.0013 0.000 65 20 129.55 
7000 0.0023 0.001 15 35 226.72 
8 400 0.0028 0.0014 42 272.06 
8 800 0.0036 0.0018 44 285.02 
9 200 0.0089 0.004 45 46 297.97 
9100 0.1963 0.012 291 0.012291 45 794.73 
13 200 0.1924 0.032 811 0.032 811 66 427.53 
15 200 0.1875 0.059 802 0.059 802 76 492.30 
17000 0.1563 0.271 355 0.271 355 85 550.60 
16400 0.1307 0.520 373 0.520 373 82 531.17 


14800 0.1077 0.845059 0.845 059 74.479.35 
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0 l l l l 3 
0 0.2 0.4 0.6 0.8 


All data points 


0 | i | | | : =r 
0 0.001 0.002 0.003 0.004 0.005 
First 9 data points 


l | l pots 
0.2 0.4 0.6 0.8 


Last 6 data points 


5 
1 
ur = a Aj = a 000) (0.001 5) + 45 000(0.004 45 — 0.001 5) 
i=1 


1 
+5 000 + 76 500)(0.059 8 — 0.004 45) 
+81 000(0.4 — 0.059 8) + 80 000(0.845 — 0.4) 


= 66.7(10°)in - Ibf/in? Ans. 
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4-1 


: 
\ ‘ re 
‘| 

(d) : 


Scale of 
corner magnified 


(f) 
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Ra =2sin60 = 1.732 kN Ans. 


Rg =2sin30=1kN Ans. 


Ro 


S=0.6m 
0.6 
—1 fe) 
t ~ 30.96 
WS AG 
Ry 800 
a R, =1100N_ Ans. 
mas sns0o6. - 
Ro 800 


ee Ro =377N Ans. 
mi404° an3006 °° °° - 


1.2 
Ros = O0TREN Ane 
O 430 ue 


Ld 


= =24kN Ans. 
sin 30 “ 


4. 
h= a = 7.794m 
tan 30 


(oar Ss Ma =0 
9RE — 7.794(400 cos 30) — 4.5(400 sin 30) = 0 
Rr =400N Ans. 


So Fy =0 Ray +400cos30=0 = Ray = —346.4N 
> Fy =0 Ray +400-400sin30=0 => Ray =—200N 


Ra = Vv 346.4 + 200? = 400N_ Ans. 
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Step 2: Find components of Rc on link 4 and Rp 

as G+)) Mc =0 

_ 400(4.5) — (7.794 — 1.9)Rp =0 = Rp =305.4N Ans. 
Yo Fr=0 = (Rex)4 = 305.4N 

Sy Fy=0 = (Rey) = —400N 


400 N 


Step 3: Find components of Rc on link 2 


Liee® 


(Rcx)2 + 305.4 — 3464=0 => (Rex)2 =41N 


TA =0 


(Rcy)2 = 200N 


200 ‘en N 200 N 
41N 


305.4 N 
2 = } 30° 
Pin C 


400 N 


Ans. 


Gt >> My =0 
—18(60) + 14R> + 8(30) — 4(40) = 0 
R> = 71.43 lbf 


) | Fy =0: Ri — 40 + 30 + 71.43 — 60 =0 
R, = —1.43 lbf 


M, = —1.43(4) = —5.72 lbf - in 

M) = —5.72 — 41.43(4) = —171.44 Ibf - in 
M3 = —171.44 — 11.43(6) = —240 Ibf - in 
M, = —240+ 60(4) = 0 checks! 
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(b) \> Fy =0 
— Ro =2+4(0.150) = 2.6kN 
Mo Ro 200 mm Sigiee ian > Mo — 0) 
My = 2000(0.2) + 4000(0.150)(0.425) 
— 655N-m 
My = —655 + 2600(0.2) = —135 N- m 
M> = —135 + 600(0.150) = —45 N-m 
x 1 
M3 = —45 + go”) =0 checks! 
() » 1000 Ibf > My = 0: 10R> — 6(1000) =0 3 R> = 600 lbf 
po y_ Fy =0: Ri — 1000+ 600=0 > Ri =400 bf 
R, Ry 
V (bf) 
400 
O | x 
—600 
ion x M, = 400(6) = 2400 Ibf - ft 
; vu, Mz = 2400 — 600(4) = 0 checks! 
(d) Y] 1000 Ibf 2000 Ibf = on > Mc = 0 
—10R; + 2(2000) + 8(1000) = 0 
R, = 1200 lbf 


) | Fy = 0: 1200 — 1000 — 2000 + Ro = 0 
* Ry = 1800 Ibf 


1200 
200 


M, = 1200(2) = 2400 Ibf - ft 
M> = 2400 + 200(6) = 3600 Ibf - ft 
. “M3 = 3600 — 1800(2) = 0 checks! 
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(e) y 400 Ibf 800 Ibf = De Mz —0 
—7R, + 3(400) — 3(800) = 0 
R,; = —-171.4 Ibf 


_ 800 ) | Fy = 0: 171.4 — 400 + Ry — 800 = 0 
: _ Rp = 1371.4 lof 
171.4 
—571.4 
M 
; vu My = —171.4(4) = —685.7 Ibf - ft 
ra Mp = —685.7 — 571.4(3) = —2400 Ibf - ft 
Ms M3 = —2400 + 800(3) = 0. checks! 


(f) Break at A 


40 Ibf/in 


a 
R, Va 
160 tbt 320 Ibf G +)" Mp = 0 
et 12(160) — 10R2 + 320(5) = 0 
R, R, R> = 352 bf 
40 Ibf/in 320 Ibf 2 Fy = 0 
a “60+ 352 — 320+ Ry =0 
R3 = 128 Ibf 


1 
Ki=Va= 5 = 160 lbf 


160 Ibf 352 Ibf 128 Ibf 
V (bf) 
160 192 
O x 
160 —128 
1 
M M, M,= 7 Oe) = 320 Ibf = mi 
1 
~ M2 =320- 5 Oh) =0_ checks! (hinge) 


M;3 = 0 — 160(2) = —320 Ibf - in 
My, = —320 + 192(5) = 640 Ibf - in 
Ms; = 640 — 128(5) = 0 checks! 
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4-4 
(a) sg = Ry (x)~! — 40(x — 4)! +. 30(% — 8)! + Ro(x — 14)! — 60(x — 18)! 
V = R; — 40(x — 4)° + 30(x — 8)° + Ro(x — 14)° — 60(x — 18)° (1) 
M = Rix — 40(x — 4)' + 30(x — 8)' + Ro(x — 14)! — 60(x — 18)! (2) 
forx=18* V=0O and M=0_ Eggs. (1) and (2) give 
0=R,—404+304+R2.—-60 => R, +R. =70 (3) 
0 = R,(18) — 4014) + 30(10) +4Ry == 9R; +2R> = 130 (4) 


Solve (3) and (4) simultaneously to get Rj = —1.43 Ibf, Ro = 71.43 Ibf. Ans. 
From Eggs. (1) and (2), at x = 0, V = R, = —1.43 Ibf, M =0 
x=47: V=—1.43—40 = —41.43, M = —1.43x 


x=8': V=-1.43—40+4+ 30 = —11.43 
M = —1.43(8) — 40(8 — 4)! = —171.44 


x=14t: V=—-1.43-—40+30+71.43 = 60 
M = —1.43(14) — 40(14 — 4) + 30(14 — 8) = —240. 
x =18t: V=0,M=0_ Seecurves of Vand M in Prob. 4-3 solution. 


(b) g = Ro(x)~! — Mo(x)~? — 2000(x — 0.2)~! — 4000(x — 0.35)° + 4000(x — 0.5)° 
V = Ro — Mo(x)~! — 2000(x — 0.2)° — 4000(x — 0.35)! + 4000(x — 0.5)! (1) 
M = Rox — Mo — 2000(x — 0.2)! — 2000(x — 0.35)” + 2000(x — 0.5)? (2) 
atx = 0.5'm, V = M = 0, Eas. (1) and (2) give 
Ro — 2000 — 4000(0.5 — 0.35) =0 = R; =2600N=2.6kN Ans. 
Ro(0.5) — Mo — 2000(0.5 — 0.2) — 2000(0.5 — 0.35)” = 0 


with Ro = 2600 N,Myp = 655N-m_ Ans. 
With Ro and Mo, Eqs. (1) and (2) give the same V and M curves as Prob. 4-3 (note for 


V, Mo(x)~' has no physical meaning). 


(c) q = R,(x)~' — 1000(x — 6)! + Ro(x — 10)! 
V = R; — 1000(x — 6)° + Ro(x — 10)° (1) 
M = Rx — 1000(x — 6)! + Ro(x — 10)! (2) 


atx = 107 ft V=M=O0, Eqs. (1) and (2) give 
R,—1000+R2.=0 => R,+R = 1000 
10R; — 1000010 —6)=0 => R, =400lbf, Ro = 1000 — 400 = 600 lbf 
O<x<6: V=400lbf, M =400x 
6<x<10: V = 400 — 1000(x — 6)° = 600 lbf 
M = 400x — 1000(x — 6) = 6000 — 600x 


See curves of Prob. 4-3 solution. 
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(d) 


(e) 


(f) 
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gq = Ry(x)~! — 1000(x — 2)~! — 2000(x — 8)~! + Ry(x — 10)! 
V = R,; — 1000(x — 2)° — 2000/x — 8)° + Ro(x — 10)° (1) 
M = Rx — 1000(x — 2)! — 2000(x — 8)! + Ro(x — 10)! (2) 


Atx = 10, V=M =0 from Egs. (1) and (2) 
R, — 1000— 2000+ Ry =O = R,+ Ry = 3000 


10R; — 1000(10 — 2) — 200000—8)=0 => R, = 1200I1bf, 
Ro = 3000 — 1200 = 1800 Ibf 
O<x<2: V=1200lbf, M = 1200x lbf.- ft 
2<x<8: V=1200— 1000 = 200lbf 
M = 1200x — 1000(x — 2) = 200x + 2000 lIbf - ft 
8<x<10: V =1200-— 1000 — 2000 = —1800 lbf 
M = 1200x — 1000(x — 2) — 2000(x — 8) = —1800x + 18 000 Ibf - ft 


Plots are the same as in Prob. 4-3. 


q = R,(x)~! — 400(x — 4)~! + Ro{x — 7)! — 800(x — 10)! 
V = R; — 400(x — 4)° + Ro(x — 7)° — 800(x — 10)° (1) 
M = Rix — 400(x — 4)! + Ro(x — 7)! — 800(x — 10)! (2) 
atx =10T, V=M=0 
R; —400+ Ry -800=0 = R, +R) = 1200 (3) 
10R; — 400(6) + R23) =0 = 10R,+3R> = 2400 (4) 


Solve Eqs. (3) and (4) simultaneously: Rj = —171.4 Ibf, Ro = 1371.4 Ibf 


O<x<4 V=-1714lbf, M =—171.4x lbf.- ft 


4<x<7: V=-—171.4— 400 = —571.4 lbf 
M = —171.4x — 400(x — 4) lbf- ft = —571.4x + 1600 
7<x<10: V=-—171.4— 400+ 1371.4 = 800 lbf 
M = —171.4x — 400 — 4) + 1371.4 — 7) = 800x — 8000 Ibf - ft 


Plots are the same as in Prob. 4-3. 


g = Ry (x)! — 40(x)° + 40(x — 8)° + Ro(x — 10)~! — 320(x — 15)~! + R3(x — 20) 
V = Ri — 40% + 40(% — 8)! + Role = 10)° — 320(x = 15)° + R3{x — 20)° (1) 
M = Rix — 20x? + 20% — 8)? + Rolx — 10)‘ — 320(% — 15) + Rae — 20)" (2) 
M=Oatx=8in .°.8R;—20(8)=0 => R, = 160lbf 
atx = 207, VandM=0 
160 — 40(20) + 40(12) + Ro — 320+ R3=0 = R>+R3 = 480 
160(20) — 20(20)? + 20(12)* + 10R2 — 320(5)=0 = R> = 352 lbf 
R3 = 480 — 352 = 128 lbf 
O<x<8: V=160—40x lbf, M = 160x — 20x? lbf- in 
8<x<10: V =160—40x + 40(x — 8) = —160lbf, 
M = 160x — 20x” + 20(x — 8)? = 1280 — 160x lbf- in 


Chapter 4 


10<x<15: V=160— 40x + 40(x — 8) +. 352 = 192 lbf 
M = 160x — 20x? + 20(x — 8) + 352(x — 10) = 192x — 2240 
1I5<x<20: V = 160— 40x + 40(x — 8) + 352 — 320 = —128 lbf 
M = 160x — 20x? — 20(x — 8) + 352(x — 10) — 320(x — 15) 
= —128x + 2560 


Plots of V and M are the same as in Prob. 4-3. 
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4-5 Solution depends upon the beam selected. 


4-6 
(a) Moment at center, x. = (J — 2a)/2 


gfe 1\* | wl (1 
c= 9 5(0- 22) - (5) => (4-4) 


At reaction, |M,| = wa?/2 


a = 2.25,1 = 10in, w = 100 Ibf/in 


100(10) / 10 
Mo = : ) (7 = 2.25) = 125 lbf- in 


_ 100(2.25) 


= 253.1 lbf-in Ans. 


r 


(b) Minimum occurs when M, = |M,| 


we 2 
e(G-a)= = gal =0.25F =0 


Taking the positive root 


a= ; [-!+ VP? + 4(0.2517) |] = ; (V2 —1) =0.20711 Ans. 


for! = 10inand w= 100Ibf, = Mmin = (100/2)[(0.2071)(10)* = 214.5 Ibf - in 


4-7 For the ith wire from bottom, from summing forces vertically 


— T,=G@+)W 


Ww iw 
From summing moments about point a, 
| Ma = WU - x;) — iW; =0 


Giving, 
l 
i+1 


x= 
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So 
en see 
1+1 2 
l l 
o = Fae B 
l l 
e341 4 
l l 
"al 5 


(b) With straight rigid wires, the mobile is not stable. Any perturbation can lead to all wires 
becoming collinear. Consider a wire of length / bent at its string support: 


T, 
aoe "Ma = 0 


+1 a . 
i iWl ilW 
I . ) eg Oe 


l 
ca: pe eo) = 


Moment vanishes when aw = 6 for any wire. Consider a ccw rotation angle 6, which 
makes a > a+ 8 and B > a — B 


iWl 
Ma = eee FP) csi =) 
awl... , « wip . 
= - sina sin 6 = ——— sina 
i+] i+1 


There exists a correcting moment of opposite sense to arbitrary rotation 6. An equation 
for an upward bend can be found by changing the sign of W. The moment will no longer 
be correcting. A curved, convex-upward bend of wire will produce stable equilibrium 
too, but the equation would change somewhat. 


Oy: gute 
ii—6 
CD == =3 
R=V34+P=5 
o=54+9=14 
Er o2=9-5=4 
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T| =R=5, 5 = 45° — 26.6° = 18.4° cow 


° R=/V57? +3.52 = 6.10 


= 6.14 125 = 184 


0) ; tan! : 27,3" Cow 
= -—tan” — = 27. 
a?) 3.5 


g=125=6.1=]64 


6.4 


215° 


12.5 


6.10 


R=V7? +67 =9.22 
oa 17 9.22 = 26.22 
dos 17 ]=922 = 7.18 


59 


60 Solutions Manual e Instructor's Solution Manual to Accompany Mechanical Engineering Design 


| 


1 
; » = ~}90+4+ tan! =| = 69.7° 
26.22 or OF Al + tan 4 69.7° ccw 
7.78 


%=R=9.22, by =69.7° —45° =24.7 cow 


17 9.22 


9+1 
| aid = TF ai 
2 
19-9 
CD = —— =5 
2 


R= V5*? + 8 = 9.434 
o, = 144 9.43 = 23.43 
02 = 14 — 9.43 = 4.57 


1 5 
4.57 dp = 5 90 + tan7! 4 = 61.0° cw 


23.43 


| =R=9.434, ; = 61° —45° = 16° cw 


14 


& 
16° 
14 


9.434 
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1244 
cD = 7" =8 


R=V8+7 = 10.63 
o, = 4+ 10.63 = 14.63 
6324 10.63 ==6.63 


1 8 
dp = 5 [v0 + tan! "| = 69.4° cow 


69.4° 


tT, = R=10.63, os = 69.4° — 45° = 24.4° cow 


. 10.63 


24.4° 


6—5 
C=———-=05 
2 
op = S45 55 


R=¥V5.57 + 8? = 9.71 
7 =05 +9 = 1021 
=05=—971=—9.21 


2 
cow] * x 


1 8 
10.21 dp == tan! — = 27.75° ccw 
\n78 - 5.5 


9.21 
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H=RHS7T1, oO =A = 27.75" = 17.25" cw 


—8+7 
C= = —0.5 
2 
7 
co= i215 


: R=V7.52 + 6? = 9.60 
a7 = 9.60 =—05 =910 
O=]=-05=-96=—10.1 


10.1 


70.67° 
ot 


wo R=9.00,. @ =70.67 —45° = 25.67 cw 


cp =F 275 


R = V7.5? + 3? = 8.078 
oy = 1.5 + 8.078 =9.58 
on:= 1.5 = 8.078 = =6.58 


Chapter 4 


ek , 
a Re 75 = 10.9 cw 


Tt = R=8.078, $5 = 45° — 10.9° = 34.1° cow 


1:5 15 


34.1° 
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4-10 
20 = 10 
C= => 
2 
2 1 
cp = “+ ras 


R=V15°+8%=17 
m= +i1fH=22 
=3=—17S 12 


1 _,8 ‘ 
bp = an i 14.04° cw 


% 
14.04" 
22 
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(b) 30 — 10 
Z =10 
2 
30 + 10 
eo : — 20 


R = ¥ 20? + 107 = 22.36 


O.. = 10 | 22.90 = 32.96 
Go = 10 22.56 => =12.36 


) * tan7! Y= 13.28° 
= — tan —= = : cc 
ee 20 i 


m=] R= 22.36, dy =] 45° = 13.28" = 31.72 ew 


10 


C= =4 
2 
10421 
cps ot oi 


R=V14+9 = 16.64 
o, = 4+ 16.64 = 20.64 
02 = 4— 16.64 = —12.64 


dp = 


14 
90 + tan! 3 = 73.63° cw 


NIlR 


12.64 


20.64 Be 


qm =R=16.64, 6, =73.63° —45° = 28.63° cw 


Chapter 4 


() ” 


(-12, 12™) 


a R=SIP 412 =2031 
o, = 5+20.81 — 25.81 
= 5 =2081 = 1581 


17 
dp= 50 + tan7! a = 72.39° cw 


NIle 


15.81 


72.39° 


25.81 


Tt] = R=20.81, $5 = 72.39° — 45° = 27.39° cw 


20.81 


4-11 


(a) T tiga aT 


C 5 
2 
10—0 
2 
. R=/5+4 = 6.40 
(10, 4°°) o; = 5+ 6.40 = 11.40 
x 0. =0, 03 =5-—6.40 = —1.40 
11.40 1.40 


T1/3 = R= 6.40, 1/2 a = 5.70, 12/3 = -s = 0.70 
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(c) 2 circles (—2, 4) * £ 


Point is a circle 


-2-8_ 
—= 


C= —5 


R=V2?4+R=5 
o)=—-5+5=0, 0 =0 
o3=—-5-5=-10 


13 == => tijo = 0, = 2 
10 — 30 
C= = —10 
2 
1 
cpa PT 55 
2 
R = / 202 + 102 = 22.36 
o; = —10+ 22.36 = 12.36 
02 = 0 
03 = —10 — 22.36 = —32.36 
2.36 32.36 
T1/3 = 22.36, T1/2= =e = 6.18, 72/3 = a = 16.18 
4-12 
(a) ’ _-80-30_ 5. 
= 5 = 
YK (—80, 20) 80 — 30 
R = 252 + 202 = 32.02 
O71 = 0 


23 
T1/2>= > = 11.5, 


72/3 = 32.0, 


bes 4237202 S228 = = 73.0) 
04453 =232.0 ==87.0 


87 
T1/3 = > = 43.5 
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b _ 

(b) 380-00 
2 

co = SEN = 45 


R= V45? + 30? = 54.1 
oS =15 4234139) 


oo = 0 
6915 = 54.1 =>—69.1 


39.1 + 69.1 39.1 69.1 
19 = = 5, 12=—5- = 19.6, 23 = —— = 34.6 
40 +0 
Ce 20 
a 
40 — 
co = T=" = 20 


R=vV20? + 20? = 28.3 


01 = 204 28.3 = 48.3 


63:2 20= 23.5 ==8.3 


03 =0;, => —30 
48.3 + 30 30 = 63 
T1/3 = == = 39.1, t1j2 = 28.3, %3 = —>— = 10.9 

i 50 

C=] 2) 
2 
50 

CD=— =25 
2 


R = ¥ 25? + 30? = 39.1 
op = 25 4+-39.1 = 64.1 


ge 25=391=—141 


04 =0, =—20 


64.1 + 20 20 — 14.1 
ne = = =42.1, to =39.1, m3= or a 2.95 
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4-13 
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2000 . . 
o = — = ——— = 10190 psi = 10.19 kpsi Ans. 
A (2/4)(0.57) 
FL i 
6 = — =o— = 10190——— = 0.02446in Ans. 
AE E 30(10°) 
5 0.02446 
=== = 340(107°) = 340u Ans. 
€| 7 79 340(107”) = 340 ns 


From Table A-5, v = 0.292 
€) = —ve, = —0.292(340) = —99.3. Ans. 
Ad = e9d = —99.3(10~°)(0.5) = —49.6(10~°) in Ans. 


4-14 


From Table A-5, E = 71.7 GPa 


L 3 
8 =o — = 135(10°)—__—_ = 5.65(107°) m = 5.65 Ans. 
a ( 717109) ( )m mm Ans 


4-15 


From Table 4-2, biaxial case. From Table A-5, E = 207 GPa and v = 0.292 


_ Eley + vey) _ 207(10°)[0.0021 + 0.292(—0.000 67) ] 
= ieee ~ 1 — 0.2922 


207(10°)[—0.000 67 + 0.292(0.0021)] 
Oy = 
. 1 — 0.292? 


(10-°) = 431MPa_ Ans. 


x 


(10°) = —12.9MPa_ Ans. 


4-16 


The engineer has assumed the stress to be uniform. That is, 
t 
<= Bot 
F 
SF =-—Fcos@+tA=0 > T= 7Z 6088 


When failure occurs in shear 


S Ema 6 
su = 7 60s 


The uniform stress assumption is common practice but is not exact. If interested in the 
details, see p. 570 of 6th edition. 


4-17 


From Eq. (4-15) 
S(=246= 4674 264A 9EO 4664 =2 =F = (5) 16 
— [—2(6)(—4) + 2(3)(2)(—5) — (—2)(2)* — 6(—5)? — (—4)(3)*] = 0 
o> — 660 +118 =0 
Roots are: 7.012, 1.89, —8.903 kpsi Ans. 
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7.012 — 1.89 oe 
T1/2 = -  - 7: — = 2.56 kpsi tig | OP) 
8.903 + 1.89 
Dsa= — = 5.40 kpsi 
8.903 + 7.012 8.903 o (kpsi) 
Tmax = T1/3 = ai = 7.96 kpsi Ans. er 


Note: For Probs. 4-17 to 4-19, one can also find the eigenvalues of the matrix 
Ox Txy Tex 
lo] =| Try Oy Tyz 
Tex Tyz Oz 


for the principal stresses 


4-18 From Eq. (4-15) 
o? — (10 +0 + 10)07 + [10(0) + 10(10) + 0(10) — 20? — (—10V2)” — Jo 

— [10(0)(10) + 2(20) (—10V2) (0) — 10(—10V2)” — 0(0)? — 10(20)?] = 0 

o° — 200* — 5000 + 6000 = 0 
Roots are: 30, 10, —-20 MPa_ Ans. 


T (MPa) TA 

30 — 10 
1/2 = = 10 MPa 

10 + 20 
12/3 = - = 15 MPa 

—20 30 o (MPa) 
30 + 20 

Tmax = T1/3 — = 25 MPa Ans. 


4-19 From Eq. (4-15) 
ao? —(14+4+4)o* + [1(4) + 1(4) + 4(4) — 2? — (-4)? — (-2)7 Jo 
—[1(4)(4) + 2(2)(—4)(—2) — 1(—4)? — 4(-2)? — 4(2)?] = 0 


o> —90* =0 
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Roots are: 9, 0, 0 kpsi 


T(kpsi) T= T1123 


723 


(kpsi 
5 a (kpsi) 


2 . 
™/3=0, T1/2 = 71/3 = Tmax = a> 4.5 kpsi Ans. 


4-20 
(a) Ri) = VF Mrax = Rya = af 
_6M _ 6 ac as pn Dhl A 
bh? bh? 1 ~ 6ac 
Fm _ (Gm/7)(Bm/b) Fm/ bY” m/D) _ Us)(s)(s) _ 
b) = = Se = —— = Ans. 
F (4m/a) (Cm/C) (s)(s) 
For equal stress, the model load varies by the square of the scale factor. 
4-21 ; 
wl wl l wl 
ky = — Minax = a [- = 
ance le=1/2 oe) ( 5) 3 
6M 6 wi? = 3Wl =, a 4 obh? 4 
o= — = = — 
bh? bh2 8 ~ Abh? 7° 
Wn _ (Gm/o)(bm/b) (Am/ hy” _ U(s)(s)? _ a 
= = =s° Ans. 
WwW Lage Ss 
I ln m ‘ 
eal = => pee as Ans. 
wl w s 
For equal stress, the model load w varies linearily with the scale factor. 
4-22 


(a) Can solve by iteration or derive equations for the general case. 
Find maximum moment under wheel W3 


Wr = >. W at centroid of W’s 


Chapter 4 


Under wheel 3 


(= x3 = da) 
M3 = Rax3 — Wia13 — W2a23 = —— — Wia13 — W2a23 


dM WwW 
For maximum, ee (l — d3 — us > x% 
dx3 l 


_l-a& 
_ 4 


1 — d3)* 
substitute intooM, => M3= a Wr — Wia13 — W2a23 


This means the midpoint of d3 intersects the midpoint of the beam 


. l—d; (l— dj) _ 
For wheel i Ki = 7 MM. = -—__ Wi >. Wi aji 


Note for wheel 1: 2Wja;; = 0 


104.4 . 
Wr = 104.4, Wa = We Wea We 20d ap 
476 (1200 — 238)? — 
Wheel 1: d; = — = 238in, M,; = ——___—~(104.4) = 20128 kip- 
ee 1 5 in 1 4(1200) ( ) ip-in 


Wheel 2: dy = 238 — 84 = 154 in 


__ (1200 — 154)? 


= 104.4) — 26.1(84) = 21 605 kip -in = Mmmax 
2 4(1200) ( ) (84) Ip -in 


Check if all of the wheels are on the rail 


84" 77" 84" 
315" 
| aj 
Oo oO loymne) 
5 a | 
|< 600" 600" | 


(c) See above sketch. 
(d) inner axles 
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4-23 


(a) 


‘hb 


Aq = Ap = 0.25(1.5) = 0.375 in? 
A = 3(0.375) = 1.125 in? 


"le 12" 5 | 
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2(0.375)(0.75) + 0.375(0:5) 


y= = 0.667 in 
1.125 
25(1.5)° 
a= esc 0.0703 in* 
12 

1.5(0.25)3 

pa) hoes 
12 

I, = 2[0.0703 + 0.375(0.083)7] + [0.001 95 + 0.375(0.167)7] = 0.158in* Ans. 

10 000(0.667 
oA = = 42(10)? psi Ans. 

10 000(0.667 — 0.375 
oR = eee 18.5(10)° psi. Ans. 

0.158 

10 000(0.167 — 0.125) 

oc = ase = 2.7(10)* psi Ans. 
10 000(0.833 
op = ee = —52.7(10)? psi Ans. 
(b) ——— 
1,732" 0.982" | 
0.327" Gat 
Y = fk —1.134"—>] | 
A 


Here we treat the hole as a negative area. 
Ag= 1432 mi 


0.982 
Ap = 1.134 (>) = 0.557 in’ 


A = 1.732 — 0.557 = 1.175 in” 
1.732(0.577) — 0.557(0.577) 


j= —0.577 in Ans. 
y 1175 0.577 in Ans 
h? =. 21.7323 
poe ee SE Gp ae igs 
36 36 
1.134(0.982) 
Fp NT op goR Ht 


36 
I, = Ig — Ip = 0.289 — 0.0298 = 0.259in* Ans. 


Chapier 4 


because the centroids are coincident. 
10 000(0.577) 


oo 22.3(10)* psi Ans. 
10 000(0.327) 

OB = re = 12.6(10)° ps1 Ans. 

10 000(0.982 — 0.327 
oc= ee —25.3(10)* psi. Ans. 

0.259 

10 000(1.155) 

emma 1 —44.6(10)? psi Ans. 


(c) Use two negative areas. 


Ag =lin’, Ap=9in?, A,=16in, A=16—9-—1=6in?; 
Ve =0.25in, y= 20m, y= 2m 
16(2)= 9(2) = 1(0.25) 


y= 6 = 2.292in Ans. 
Cc, = 4— 2.292 = 1.708in 
2(0.5)3 
c= a = (0.020 83 in* 
12 
3 
b= 2) — 6.75 in* 
12 
4(4)3 
I= (4) — 21.333 in* 


T, = [21.333 + 16(0.292)7] — [6.75 + 9(0.292)7] 
— [0.020 83 + 1(2.292 — 0.25)*] 
10.99in* Ans. 


10 000(2.292 
oA = aa = 2086psi_ Ans. 
10000(2.292 — 0.5 
7 — ) = 1631 psi Ans. 
10000(1.708 — 0.5 
cS=— cee = -—1099psi_ Ans. 
1 1. 
op = 2) /” =—1554psi_ Ans. 


10.99 
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(d) Use a as a negative area. 


Ag = 6.928 in’, Ap = 16 in’, A = 9.072 in’: 
Fa =1.155in, 5, =2in 
2(16) — 1.1 92 
y= se aed Ae = 2.645in Ans. 
9.072 
cj = 4— 2.645 = 1.355 in 


_ bh? 4(3.464)° 


= = — 4.618 in* 
36 36 m 
4(4)3 
I, = (4) = 21.33 in* 
i2 
I, = [21.33 + 16(0.645)*] — [4.618 + 6.928(1.490)7] 
=7.99in* Ans. 
10 000(2.645) 
oA = 799. 3310psi Ans. 
10 000(3.464 — 2.645 
oR =— | 799 =—1025psi_ Ans. 
10000(1.355) 
0c = 799. = — 1696 psi Ans. 


Aq = 6(1.25) = 7.5 in? 
Ap = 3(1.5) = 4.5 in? 
A= A.+ Ap = 12 in? 
3.625(7.5) + 1.5(4.5) 


y= 12 =2.828in Ans. 


1 1 
[= 73 (001.25) 47] 5(3,625 — 2.828) + 796-3)" ASO, 828 — 15)" 


= 17.05in* Ans. 
_ 10000(2.828) 


10000(3 — 2.828) 
== 17.05 =-—101psi Ans. 


10000(1.422) _ 


(c= 17.05 = —834psi_ Ans. 
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Let a = total area 


A = 1.5(3) — 1(1.25) = 3.25 in? 


1 3 1 3 
T= Iq — 2p = [(1.5)3)* = 5 .25)() 


= 3.271in* Ans. 


10 000(1.5) . ; 
oA = —3a71—~O« 4586 psi, op = —4586psi 
Ans. 
10 000(0.5 
4-24 
(a) The moment is maximum and constant between A and B 
1 
M = —50(20) = —1000 lbf-in, J = 790-2" = 0.3333 in’ 
EI| — 1.6(10°)(0.3333) 
: | M 1000 “= 
(x, y) = (30, —533.3)in Ans. 
(b) The moment is maximum and constant between A and B 
M =50(5) = 250 Ibf-in, J = 0.3333 in* 
1.6(10°)(0.3333 
p= eae = 2133in Ans. 
(x, y) = (20, 2133) in Ans. 
4-25 


(a) 1000 lbf 1 
l= 79 (0-75)(1.5)° = 0.2109 in* 


A= 0.75(1,5) = 1425 i 
Mmax 18 at A. At the bottom of the section, 
M 4000(0.75 
OT) Aaa ns 


O; — = 
e en 0.2109 
Due to V, Tmax Constant is between A and B 
667 


aty=0 


- 4000 3V 3 667 
(Ibf-in) Tmax = =— = => = 889psi_ Ans. 
2A. 21,105 
Oo x 


V (bf) 
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(b) 1000 Ibf 1000 Ibf 1 
I = —(1)(2)° = 0.6667 in4 
12 
Max 18 at A at the top of the beam 
8000(1 
Onax = o = 12000psi_ Ans. 
V (bf) 1a 0.6667 
P |Vinax| = LOOOlbf from O to Baty =0 
3V 3 1000 : 
1000 ha = a = 750 psi Ans. 
2A 2(2)(1) 
M 
(Ibf-in) 
O 
>. <i 
120 Ibf/in 1 
(c) I = —(0.75)(2)? = 0.5in4 
O x 12 
5 A 15" B 5" 3c 1 
1500 Ibf 1500 Ibf M, = — 5 600(5) = —1500 lbf-in = M3 
V (Ibf) 1 
M> = —1500 + ay = 1875 lbf- in 
v 7 Mymax 18 at span center. At the bottom of the 
—600 beam, 
— 900" 
1875(1) . 
- - : M, Cig = 7, 3750 psi Ans. 
i 7 AtA and Baty = 0 
3 900 
Tmax = == = 900 psi Ans. 
2 (0.75)(2) 
100 Ibf/in 1 3 4 
= —(1)(2)° = 0.6667 in 
aaa 12 
600 
1350 Ibf 450 Ibf M, = —z ©) = —1800 Ibf-in 
V (bf) 1 
M> = —1800 + 5 1907.5) = 1013 lbf-in 
O 
>. 450 At A, top of beam 
M 1800(1) : 
“in a = 2700 Ans. 
(bf : 0, 0.6667 psi ns 
AtA,y=0 
3 750 
Tmax = >> 563 psi Ans. 


2 (2)(1) 
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4-26 
wil? wil?c 801 
Max = => Omax = — => w= 


8 81 ree 
(a) 7 = 12(12) = 144in, J = (1/12)(1.5)(9.5)? = 107.2 in4 


12 107.2 
— el henyyr) = 10.4 |bf/in Ans. 


4.75(1442) 
(b) 7 = 48in, J = (2 /64)(2* — 1.25*) = 0.6656 int 
3 
5 EO) = 27.7 Ibf/in Ans. 
1(48)2 
(c) 1 = 48in, J = (1/12)(2)(3°) — (1/12)(1.625)(2.625°) = 2.051 in* 
— 8(12)(10°)(2.051) 


(d) 1 =72 in; Table A-6, J = 2(1.24) = 2.48 in* 


a (a Cmax = 2.158" 
- 8(12)(10°)(2.48) 
_— 


2.158(72)2 
(e) 1=72 in; Table A-7, J = 3.85 in* 


= 21.3 lbf/fin Ans. 


2 8(12)(10°)(3.85) 
w= — 


= 35.6 lbf/in Ans. 
2(727) 


(f) 1 =72in, I = (1/12)(1)(4°) = 5.333 int 


139)(107 (5, 
— Se 829) = 49.4 lbf/in Ans. 
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(2)(72)" 
4-27 (a) Model (c) 
500 bf 500 Ib Te 70.55) = 3.068(1073) in? 
0.4375 x 
y aon A= 700-5) = 0.1963 in? 
500 Ibf 500 Ibf ve 218.75(0.25) 
oF. oD EAE 
we = I 3.068(10-3) 
= 17825 psi = 17.8kpsi_ Ans. 
O 
4V 4 500 
max — = = 3400 i Ans. 
500 “ 3A 30.1963 i oe 


Mnax = 500(0.4375) 


M 
. m 

(lbf¥in) - ~ Ibfvin 
O 
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(b) Model (d) 


1333 Ibf/in 


125" 


1 
500 Ib S001 Mmax = 500(0.25) + 5(500)(0.375) 
ee 00 — 218.75 lbf - in 
Vax = 500 Ibf 
O 
Same M and V 


=500 


“,7= 17.8 kpsi Ans. 


iy ~ Tmax = 3400 psi Ans. 
O 


4-28 Ifsupport Rp is between F and F> at position x = /, maximum moments occur at x = 3 and J. 
"Mp = Ral — 20000 — 3) + 1100(7.75 — 1) =0 
Ra = 3100 — 14525/1 
M,-3 = 3R4 = 9300 — 43575/1 

Mp = Ral — 20007 — 3) = 11002 — 8525 

To minimize the moments, equate M,—3 to —Mz giving 
9300 — 43 575/21 = —11001 + 8525 

Multiply by / and simplify to 


I? + 0.70461 — 39.61 = 0 
The positive solution for / is 5.95 in and the magnitude of the moment is 
M = 9300 — 43 575/5.95 = 1976 Ibf - in 
Placing the bearing to the right of F>, the bending moment would be minimized by placing 
it as close as possible to F>. If the bearing is near point B as in the original figure, then we 


need to equate the reaction forces. From statics, Rg = 14525/l, and R4 = 3100 — Rez. 
For Ra = Rpg, then Ra = Rg = 1550 lbf, and! = 14575/1550 = 9.37 in. 


4-29 
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Atx =(1+a)*, V=M =0, terms forx >1+a=0 


+f 2F 
—F+pa-7 5" P?=0 = p—-m=— (1) 
2a a 
a li 6F(L+ 
2 6a a? 
2F 2F 
From (1) and (2) P= a +2a), pPo= G2 +a) (3) 
a . b a ap 
From similar triangles == => = (4) 
P2 Pit P2 Pi + p2 
Mmax occurs where V = 0 
Xmax =l+a— 2b 
Meox = —F(L-+.a — 2b) + Pa — 26)? — PLE Pg — apy 
2 6a 
=-Fl-F(e-2) + wy - 27 Pe wy 
2 6a 
Normally Max = — FI 
The fractional increase in the magnitude is 
ren F(a — 2b) — (pi/2)(a — 2b)? — [(p1 + p2)/6a](a — 2b)° (5) 


Fl 
For example, consider F = 1500 Ibf, a = 1.2 in, J = 1.5 in 


2(1500 
(3) = c > 31.5) + 2(1.2)] = 14375 Ibffin 
2(1500 
i= c = ) 631.5) + 1.2] = 11875 Ibffin 
(4) b = 1.2(11 875)/(14375 + 11875) = 0.5429 in 


Substituting into (5) yields 
A = 0.03689 or 3.7% higher than — Fl 


4-30 Computer program; no solution given here. 
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4-31 
Ri, =-F 
= ri O<x<a 
6M 6(c/1) Fx | 6c Fx 
c= bh? > h= aoe O<x<a _ Ans. 
4-32 
F b 
a b Ry = = 
l 
R, R, b 
M= 7" 
32M 22-0 
Omax = OF oT] 
nd? wd 1 
30 pie |" 
a=|> = O<x<a _ “Ans 
a lomax 
4-33 
Square: Am = (b—t)? 
Tq = 2AmtTa = 2(b — t)°t Tan 
Round: Am = 1(b —t)*/4 
Tra = 200(b — t)’tta/4 
Ratio of torques 
ia Wb = ty tt; 4 
Bq _ 2b — Ott _ 4 yng 
Ta m(b—t)*tty/2 7 
Twist per unit length 
square: 
2GOt (L L 4(b — ft) 
Osq —— — = C — = 5) 
tTall A oy A me (b—t) 
Round: 


P =c(4) a. (b — ft) =p) 
TNA), nb—02/4 ~ (b— 8) 


Ratio equals 1, twists are the same. 
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Note the weight ratio is 


Weg pl(b — t)? b—t 
~ = thin-walled b= 20; 
Wia pln(b—t)(t) at in-walled assumes b > 


19 ; 
— eS = 6.04 withb=20 


= 7.80 with b = 10t 


4-34 / = 40 in, ta, = 11500 psi, G = 11.5(10°) psi, ¢ = 0.050 in 
'm = Tj +t/2=7; + 0.025 for 7; >0 


=0 forr; =0 
Am = (1 — 0.05)? — 4 ("2 = arn) = 0.95? —(4—m)r2 
Lin = 4(1 — 0.05 — 2m + 2707'm/4) = 4[0.95 — (2 — x/2)rm] 
Eq. (4-45): T = 2Amtt = 2(0.05)(11 500) Am = 1150Am 
Eq. (4-46): 
180 TL 180 T Ln (40 180 
6(deg) = 6,/— = = m(S0) 
x 4GA21 n  4(11.5)(105)A2,(0.05) x 
TLin 


= —4 
= 9.9645(10~") mw 


Equations can then be put into a spreadsheet resulting in: 


Tj ie Am Li, Tj T (bf - in) Tj 6(deg) 
0) 0 0.9025 3.8 0 1037.9 0 4.825 
0.10 0.125 0.889 087 3.585 398 0.10 1022.5 0.10 4.621 
0.20 0.225 0.859 043 3.413717 0.20 987.9 0.20 4.553 
0.30 0.325 0.811 831 3.242 035 0.30 933.6 0.30 4.576 
0.40 0.425 0.747 450 3.070 354 0.40 859.6 0.40 4.707 
0.45 0.475 0.708 822 2.984513 0.45 815.1 0.45 4.825 


T (Ibf+in) 
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6 (deg) 


4.50 
0 


r, (in) 


Torque carrying capacity reduces withr;. However, this is based on an assumption of uni- 
form stresses which is not the case for small r;. Also note that weight also goes down with 


an increase in7;. 


4-35 From Eq. (4-47) where 6; is the same for each leg. 


I : 1 : 
T\ = a UID T) = genes 


1 1 
T=T,+Th= 3G (Lic} + Lc) = Aga So Lic} Ans. 


T= Gé\c, N= GAC 


Tmax = GO1Cmax  ANs. 


4-36 
(a) Tmax = GO1Cmax 
e 11500 
Go, = —* = —— = 1.227(10°) psi- rad 
1 re 3/32 (10°) psi- ra 
1 1 
Ti 16 = 3 OA(Le’)i/16 - 3 (1.227)(10°)(0.5)(1/16)° = 4.99 lbf-in Ans. 
1 
73/32 = 3 (1.227)(10°)(0.5)(3/32)° = 16.85 lbf-in Ans. 
T1/16 = 1.227(10°)1/16 = 7669 psi, 13/32 = 1.227(10°)3/32 = 11500 psi Ans. 
(b) Oj = be 1.0667(10~7) rad/in = 0.611°/in A 
1= 11.5(10°) = 1, rad/in = Vv. in ns. 


4-37 Separate strips: For each 1/16 in thick strip, 

Le*t _ (1)(1/16)?(11 500) 
3 0 3 

“ Dinax = 2(14.97) = 29.95 Ibf+ in Ans: 


= 14.97 lbf- in 


fi 


Chapter 4 


For each strip, 
a= 3T1 _ 3(14.97)(12) 
L3G (1)(1/16)3(11.5)(10°) 
k, = T/0 = 29.95/0.192 = 156.0 lbf-in Ans. 


=0.192rad_ Ans. 


Solid strip: From Example 4-12, 


linge = 59.90 Ibt-m Ans, 
@ = 0.0960 rad Ans. 
k, = 624 lbf-in Ans. 
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4-38 = T,, = 8000 psi, 50 hp 
(a) n= 2000 rpm 
_ 63025H — 63025(50) 


Eq. (4-40 i = — 1575.6 bf - i 
qe ta-A0) i 2000 - 
16T er ye 16(1575.6) 1! 
pee j( 2 =, | PP) | soa: Aas 
md? it Toaas (8000) 


(b) n= 200rpm_ .. T = 15756 Ibf - in 


_ EE 756) 


1/3 
= 2.157 in Ans. 
zt(8000) 


4-39 tt, = 110 MPa,@ = 30°, d= 15mm,/=? 


167 TU 
—————— T=— da 
T => 16" 


oe TI (180 
~ J6\ # 
_ a JGO «a {f[n d‘GO |_ m dGé 
~ 180 T ~~ 180 | 32(a/16)td3} 360 +t 


_  (0.015)(79.3)(10°)(30) 
~ 360 110(10°) 


=2.83 m_ Ans. 


4-40 d=70mmn, replaced by 70 mm hollow with t= 6 mm 


T (70? = 587) 
32 35 


d 
(a) T solid = 767070) Thaties = 


__ (/16)(70°) — (2/32) [(70* — 58*)/35] 


wa Gz /16)(70) 


(100) = 47.1% _ Ans. 
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(b) Weotia = kd* = k(707), Whotlow = k(70* — 587) 
R710) =kI0? = 587) 


%AW = IP (100) = 68.7% Ans. 
4-41 T=5400N-m, tj = 150 MPa 
Tc 5400(d /2) 4.023(10*) 
=— = 150(10°) = ——_——___ = ——___ 
(a) ae 0) = GD — 75a] ab 
4.023(10*)\'/° = 
=|. = 6.45(10 = 64.5 
( 150(105) ) oe = 
From Table A-17, the next preferred size is d= 80 mm; /D = 60mm _ Ans. 
(b) v= = (0.08! — 0.064) = 2.749(10-5) mm? 
5400(0.030 
(= oe 58.9(10°) Pa = 58.9 MPa_ Ans. 
2.749(10-°) 
4-42 
63025H 63025(1 
(a) T= a SPY a eis bin 
n 
16T 167 \' 7 16(12.605) 1 
eS ee tee 
mde UT mt(14.000) 
From Table A-17, select 13/4 in 
16(2)(12 605) 
Ttart = Se — 23.96(10°) psi = 23.96 kpsi 
(b) design activity 
4-43 w = 2mn/60 = 27(8)/60 = 0.8378 rad/s 
H 1 
T=—= ” = 1194N-m 
@ 0.8378 
16r 16(1194) 71? 
= = 4.328(10-7) m = 43.3 
ac = (* =) -|5aa| ee noe 
From Table A-17, select 45mm _ Ans. 
4-44 s=VA, d= /4A/n 
Square: Eq. (4-43) with b = c 
A.8T 
Tmax = 3 
A.8T 
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er eae ee 16T 3.545T 
ound: Tecan ea = = = 
8 7B n(4A/n)3/2 (A382. 


max /s 4.8 
(Tmasq 48 _ 1 354 


(Tmax) rd _ 3.545 


Square stress is 1.354 times the round stress Ans. 
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4-45 s=VA, d= /4A/n 


Square: Eq. (4-44) withb = c, B = 0.141 
a i 
~ 0.141ct?G ~——(0.141(A)4/2G 


Asq 
Round: 
io TI 6.283271 
~ JG (9 /32)(4A/n)42G  (A)4#?G 
Gq _ 1/0141 _ 
Ora «6.2832 


Ord 


1A, 


Square has greater 0 by a factor of 1.13 Ans. 


4-46 


Text Eq. (4-43) gives 


Tax = a . 
0 abc2 be? aw 
From in-text table, p. 139, a is a function of b/c. Arrange equation in the form 


beg 1 1 
_ = aon ane 


To plot 1/a vs 1/(b/c), first form a table. 


x y 
b/c at 1/(b/c) 1/a 


1 0.208 1 4.807 692 
LD 0.231 0.666 667 4.329 004 
Ges) 0.239 0.571429 4.184 100 


2 0.246 0.5 4.065 041 
fe 0.258 0.4 3.875 969 
3 0.267 0.333 333 3.745 318 
4 0.282 0.25 3.546099 
6 0.299 0.166 667 3.344 482 
8 0.307 0.125 3.251 329 
10 0,313 0.1 3.194 888 
oe 0,333 0 3.003 003 
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l/a 
5 = 


45 


y = 1.867x + 3.061 


3:5: 


0.6 0.8 1 
1/(b/o) 


Plot is a gentle convex-upward curve. Roark uses a polynomial, which in our notation is 


ae 1 
[ + 0.6095— + -- | 


Tmax = OANA 
8(b/2)(c/2)* b/c 
ies 3 + 1.8285 : 
Tmax = 77> : ca. 
bc? b/c 
Linear regression on table data 
y = 3.06 + 1.87x 
il 
= = 3006 4- 1.867 — 
a /c 
= 3.06 + 1.87 : 
Tmax = 77 : -Of-—— 
bc? b/c 
Eq. (4-43) I (3 + a 
on ae Tmax = 77> are 
q be b/c 
4-47 
Gear F 1000 Ibf-in 
1000 
a F, = —— = 400 lbf 
F,, = 400 tan 20 = 145.6 lbf 


Shaft ABCD 


Torque atC Tc = 400(5) = 2000 Ibf - in 


666.7 Ibf 


2 
r= a = 666.7 lbf 


2000 Ibf-in 


145.6 Ibf 


2000 Ibf-in 
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S"(Ma); =0 => 18Rpy — 145.6(13) — 666.73) =0 = Rpy = 216.3 lbf 
S"(Ma)y =0 = -18Rp, +400113)=0 = Rp; = 288.9 Ibf 
So Fy =0 = Ray +216.3-666.7—145.6=0 = Ray = 596.0 lbf 
SiR, =0 = Raz +288.9-400=0 = Raz = 111.1 lbf 


Mz = 3V 596? + 111.17 = 1819 Ibf - in 


Mc = 5V 216.32 + 288.92 = 1805 Ibf - in 
., Maximum stresses occur at B. Ans. 


32Mpg -32(1819) . 
= = — 9486 
0B a 7(1.253) pst 


167g _ 16(2000) 


= 7 = 5515 pa 
na 7(1.25) Ps 


2 9486 9486 \ 7 
Omax = > + (>) +3= —+ (22) 45215? = 11792 psi Ans. 


2 
Tmax = | (5) +t} = 7049 psi Ans. 


4-48 
(a) At@=90°, of =te =0, og =-—o Ans. 
=D cH te =0, ap=30 Ans. 


(b) 
r 09/0 i 
5 3.000 re 
6 2.071 
7 1.646 . 
8 1.424 
9 1.297 15 
10 1.219 
11 1.167 1 
12 1.132 
13 1.107 0.5 
14 1.088 
15 1.074 ° 5 10 15 20 
16 1.063 r(mm) 
17 1.054 
18 1.048 
19 1.042 


20 1.037 
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4-49 
1.5 
Did =—~ = 1.5 
1/8 
r/d= a = 0.125 
Fig. A-15-8: Ky = 1.39 
Fig. A-15-9: 2160 
Mc 32K;M_ —32(1.6)(200)(14) 
a a n® (1) ae 
Te _ 16KisT _ 16(1.39)(200)(15) 
oo Kiss a ae (1) = 21240 psi 


= 63 ( = = 
Omax = — (>) ee 2 = on 21.242 


= 54.0 kpsi_ Ans. 


45.63\7 
a |(S2) + 21.242 = 31.2 kpsi_ Ans. 


4-50 As shown in Fig. 4-34, the maximum stresses occur at the inside fiber wherer = 7; . There- 


fore, from Eq. (4-51) 
2 2 
re Di r 
Of, max = 2 1 5 
tT. r; 


2 2 
r; Pi lo 

Or,max = 2 2 re ion —Pi Ans. 
To 7; r; 


4-51 If p; = 0, Eq. (4-50) becomes 


ane —Pors —r? fief 
1= 
2 _ 2 


ro 


2 2 

Polo vi 
ag oe (he oe 
ite r 


The maximum tangential stress occurs atr = r;. So 


oper, 


ae 
‘9 T; 


Ans 


Ot,max = — 
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For o;, we have 


2 2d 2 
a= —Polo +1576 Po/T 
r= 
2 2 
Yo —T; 


4-52 


F=pA= Tr p 
ie x F mr r 
f e : 0, == = avP => Prav Ans. 


Awall a 27 Tayt 7 2t 


4-53 0; > 0] > Oy 
Tmax = (0; — 0,)/2 atr = 7; where o; is intermediate in value. From Prob. 4-50 


1 


Tmax = 5%, max — Or, max) 


2 2 
Pi [To + lj 
Tmax = > 1 
2 (4 = te 
Now solve for p; using 7o = 3 in, rj = 2.75 in, and Tmax = 4000 psi. This gives p; = 
639 psi Ans. 


4-54 Givenr, = 120mm, 7; = 110mm and referring to the solution of Prob. 4-53, 


__ 2.4 MPa [ (120)? + (110)? 
ee a beers 


= 15.0MPa Ans. 
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4-55 From Table A-20, Sy = 57 kpsi; also, r, = 0.875 in andr; = 0.625 in 


From Prob. 4-51 
2par- 
2 


i 


Ot,max = — 
; 2 

r= 7 

Rearranging 

a (r2 _ aa (0.8S,) 

: ps aes 


Solving, gives pp = 11200psi Ans. 


4-56 From Table A-20, Sy = 57kpsi; alsor, = 1.1875 in, rj = 0.875 in. 
From Prob. 4-50 


2 2 6 3 
ry eT: ro -7; 
Ohne = Vi (3 = " therefore p; = 0.85), ( : t 


2 
O ri rare, 


solving gives p; = 13510psi Ans. 


4-57 Since o; and o; are both positive and o; > 0; 
Tmax = (07) max/2 
where o; is max at r; 
Eq. (4-56) for r = r; = 0.375 in 


0.282 [ 27(7200) 17 /3 + 0.292 
386 60 8 


(9+) max = 


(0.3757)(57) 1+ 3(0.292) 
0.3752 3+ 0.292 


x [oss +574 (0.375) | = 8556 psi 


8556 
Tmax = i = 4278 psi Ans. 


rere 
Radial stress: op =kl(rpt+r—-+*-r 
3 


do; aa 
Maxima: ;. =k (2 fe = 2) =O = feHs/nife = 70.3160) = 1.36093m 
r r 


0.3757(57) 
1.36932 


(0+) max = 


0.282 [ 22(7200) 7? (3 + 0.292 
386 60 8 


= 3656 psi. Ans. 


) [oss SP - 1.3698" 
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4-58 @ = 27(2069)/60 = 216.7 rad/s, 
p = 3320kg/m?, v = 0.24, r; = 0.0125 m, rp = 0.15 m; 


use Eq. (4-56) 
340.24 
6; = 3320(216.7)" (=) co.0125) +(0.15)7 + (0,15)" 


1 + 3(0.24) 


2 —6 
340.24 (0.0125) (10) 


= 2.85 MPa Ans. 


4-59 
7 (6/16) 
~ 386(1/16)(m/4)(62 — 12) 


— 5.655(10~+) Ibf- s2/in* 


p 


: Or 
Tmax 1S at bore and equals > 


Eq. (4-56) 
_,. 1 22(10 000) 77/3 + 0.20 1 + 3(0.20) 
max = 5.655(107+ 05* 437 43? — (05/7 
(4) ( | 60 1( 8 ) ala 34020 “> 
= 4496 psi 
44 
tac = _ = 2248 psi Ans. 
4-60 w = 272(3000)/60 = 314.2 rad/s 
0.282(1.25)(12)(0.125) 
m= 
386 


= 1.370(107%) Ibf- s/in 


~~ ET - 


ae 


F = mor = 1.370(10-°)(314.27)(6) 


= 811.5 1bf 
Anom = (1.25 — 0.5)(1/8) = 0.093 75 in? 
S115 
nom — = i Ans. 
O; 0.09375 8656 psi Ans 


Note: Stress concentration Fig. A-15-1 gives K; = 2.25 which increases omax and fatigue. 
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4-61 to 4-66 


Eq. (4-60) 


Ppsi = 


PPa = 


p=0292, #L=30 Mpsi 207 GPa), 7, =0 
R=0.75 in (20mm), ro = 1.5in (40mm) 


30(10°)8 [ (1.5? — 0,757)(0.75" — 0) 
0.75 in 2(0.752)(1.52 — 0) 


= 1.5(107)65 


_ 207(10°)6 jor — 0.027)(0.02” — 0) 


— 3.881(10'2)5 
0.020 2(0.027)(0.04 — 0) oe 


(1) 


(2) 


4-61 


From (2) 


1 
Cone = are — 40.000] = 0.021 mm_ Aas. 


1 
Cain = go — 40.025] = 0.0005 mm_ Ans. 


Pmax = 81.5 MPa, Pmin = 1.94 MPa Ans. 


4-62 


Eq. (1) 


1 
dno 5 (1.5016 — 1.5000) = 0.0008in Ans. 


1 
Onn = a (1.5010 =13010)=0: Ans 


Pmax = 12 000 psi, Poin = QO Ans. 


4-63 


Eq. (2) 


1 
Omax = 5 (40.059 — 40.000) = 0.0295mm_ Ans. 


i 
bmin = 3 (40.043 — 40.025) = 0.009 mm_ Ans. 


Pmax = 114.5MPa, Pmin = 34.9 MPa_ Ans. 


4-64 


Eq. (1) 


1 
Snax = 5 (1.5023 — 1.5000) = 0.001 15in Ans. 


Omin 


1 
sel — 1.5010) = 0.00035 in Ans. 


Pmax = 17250 psi Poin = 5250 psi Ans. 
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4-65 
Ona = 5 (40.076 — 40.000) = 0.038mm_ Ans. 
Sain = 5 (40.060 — 40.025) = 0.0175 mm_ Ans. 
Eq. (2) Pmax = 147.5MPa_ Pmin = 67.9 MPa_ Ans. 
4-66 
Ona = 5 (1.5030 — 1.500) = 0.0015in_ Ans. 
Onin = 5 (1.5024 — 1.5010) = 0.0007 in Ans. 
Eq. (1) Pmax = 22500 psi Pmin = 10500 psi Ans. 
4-67 


1 
56= 5 (1.002 = 1,000) =0.001lin: 7=0, AK=05in, R= lin 


v=0.292, E =30Mpsi 
Eq. (4-60) 


_ 30(10°) (0.001) [“ — 0.57)(0.5" — 0) 


= 2.25(10*) psi Ans. 
0.5 2(0.52)(12 — 0) ne: ee 
Eq. (4-51) for outer member at 7; = 0.5 in 


0.52(2.25)(10*) 
12 — 0.52 


(do = 


12 
(1 + oa) =3/7500 psi Ans, 


Inner member, from Prob. 4-51 


2 2 4 2 
Pol: r; 2,29(10")(0.5*) 0 , 
ae aliea)=- ere Gi Aa ela 


O I 


Eqs. (d) and (e) above Eq. (4-59) 


- 22310) of 0S" 
°~ 30(10°) ~~ \ 12 — 0.52 
2,25(107)(0.5) /0,5*-+0 
30(10°) 0.52 —0 


+ 0.292) = 0.000735 in Ans. 


i — 


- 0.292) = —0.000265 in Ans. 


Ans. 
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4-68 
vy; = 0.292, E; = 30(10°) psi, v,=0.211, E, = 14.5(10°) psi 
1 
i 5 (1.002 — 1.000) = 0.001lin, 7r;=0, R=0.5, ro=1 
Eq. (4-59) 
0.5 17 + 0.57 0.5 (0.57+0 
0.001 = O21) — 0.292 
Pea (3 0.527 ) * 30(105) (sa —0 ) . 
p = 13064 psi Ans. 
Eq. (4-51) for outer member at 7; = 0.5 in 
0.57(13 064) ie 
(O1)o = 2-02 (1 =a) = 21770 psi Ans. 
Inner member, from Prob. 4-51 
13 064(0.57) 0 , 
(o1)i = — 052-0 ( + =i) = —13064 psi Ans. 
Eqs. (d) and (e) above Eq. (4-59) 
13. 064(0.5) (1? + 0.5? 
= 0.211 ) = 0.000 846 Ans. 
° =~ “14.5(105) (5 =a a 
1 4(0. hs 
j=- ave) (5 aaa _ 0.292) = —0.000154in Ans. 
30(10°) 0.52 —0 
4-69 


i! 
Onax = poe = 1,000) = 60,0015 in -7-=0, A=OSm, 72=1m 
1 
Omin = 5 (1.002 — 1.001) = 0.0005 in 


Eq. (4-60) 


__ 30(10°) (0.0015) [“ — 0.57)(0.5? — 0) 


= = 33750 psi Ans. 
ie 05 2(0.52)(12 — 0) po ae 


Eq. (4-51) for outer member at r = 0.5 in 


0.57(33 750) ie 
(Oo = 3957 (1+ Og 


) = 56250 psi Ans. 


For inner member, from Prob. 4-51, with r = 0.5 in 


(07); = —33750 psi Ans. 
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Eqs. (d) and (e) just above Eq. (4-59) 
__ 33 750(0.5) (17 + 0.5? 
°  30(108) 12 — 0.52 


33 750(0.5) (0.57 +0 
30(10°) \0.52—0 


For Sin all answers are 0.0005/0.0015 = 1/3 of above answers Ans. 


oF 0.292) = 0.00110in Ans. 


i= 


— 0.292) = —0.000398 in Ans. 


4-70 
vj = 0.292, £; =30Mpsi, vo—0.334, EL, = 10.4 Mpsi 


| 
Omax = ee — 2.000) = 0.0025 in 


1 
Omin = 5 2.003 — 2.002) = 0.0005 in 


1.0 27 + 1? 10 /17+0 
0005) eat 0 
fra (5 =e ) * 30(105) & —0 ) a 


Pmax = 11576 psi Ans. 
Eq. (4-51) for outer member at r = | in 


17(11576) 
92 12 


(O1)o = 


oe 
(: + =) = 19293 psi Ans. 


Inner member from Prob. 4-51 with r = 1 in 
(o;); = —11576 psi Ans. 
Eqs. (d) and (e) just above Eq. (4-59) 
11576(1) 2" +17 
= () = + 0.334 } = 0.00223 in Ans. 
10.4(10°) \ 22 — 12 


—«11576(1) (17 +0 
‘~~  39(10) \12—0 


oO 


= 0.292) = —0.000273 in Ans. 


For dmin all above answers are 0.0005/0.0025 = 1/5 Ans. 


4-71 
(a) Axial resistance 
Normal force at fit interface 
N= pA = p2rkl) =2xpri 
Fully-developed friction force 
Fax,=fN=2nfpRi Ans. 
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(b) Torsional resistance at fully developed friction is 
T = fRN =2xfpR?l Ans. 


4-72. d=1lin,r, =15insr, = 2.5 in. 
From Table 4-5, for R = 0.5 in, 
ro =1.5+0.5 =2in 
7 0.52 
— 2(2-/2?— 0.57) 
€ =e — Tn = 2.0 — 1.968 245 8 = 0.031 754 in 
Ci = Tn —1i = 1.9682 — 1.5 = 0.4682 in 
Co =o —Tn = 2.5 — 1.9682 = 0.5318 in 
A = nd7/4 = n(1)"/4 = 0.7854 in” 
M = Fre = 1000(2) = 2000 Ibf- in 


= 1.968 245 8 in 


Tn 


Using Eq. (4-66) 


F Mg; 1000 2000(0.4682) ; 
qs = + = 26300 psi Ans. 
A Aer; 0.7854 —0.7854(0.031 754)(1.5) 
Fo Mc 1000 2000(0.5318 ; 
o,=—- ae | ) = —15800 psi Ans. 


~ A Aero 0.7854 0.7854(0.031 754)(2.5) 


4-73 Section AA: 
D = 075 in, Fp SH 075/72 = 0.3715 in, ry = 0.75 /2 + 0.25.= 0625 m 
From Table 4-5, for R = 0.125 in, 
re = (0.75 + 0.25) /2 = 0.500 in 
Fie enone 
2(0.5 — V0.5? — 0.1252) 
e=0:5 =7, = 0007 939 in 
Co =o —'n = 0.625 — 0.492 06 = 0.132 94 in 
Ci = 1p — 1) = 0.492 06 — 0.375 = 0.117 06 in 
A = 1(0.25)"/4 = 0.049 087 
M = Fr, = 100(0.5) = 50 Ibf- in 


1 TY 
i a + ag ) = 42100ksi Ans. 
0.04909  0.04909(0.007 939)(0.375) 
100 50(0.132 94) 


= — ==25250 psi Ans. 
0.04909 0.049 09(0.007 939)(0.625) 
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Section BB: Abscissa angle @ of line of radius centers is 


pow! (2442) 


r2+d+D/2 
et 0.375 4-0:25/2 — 
= Cos = 60 
0.375 + 0.25 + 0.75/2 
D+d 5 ; 
M=F cos @ = 100(0.5) cos 60° = 25 lbf- in 


i= = 0.375 in 
ro =1r2 +d = 0.375 + 0.25 = 0.625 in 
e = 0.007939 in (as before) 


Fcos@ Me; 
oj = = 
A Aer; 
100 cos 60° 25(0.117 06 
el ( ) — —19000 psi Ans. 
0.04909 0.049 09(0.007 939)0.375 
100 cos 60° 25(0.13294 
peewee ( = 14700 psi Ans. 


0.049 09 0.049 09(0.007 939)0.625 


On section BB, the shear stress due to the shear force is zero at the surface. 


4-74 r; = 0.125 in, ro = 0.125 + 0.1094 = 0.2344 in 
From Table 4-5 forh = 0.1094 


re = 0.125 + 0.1094/2 = 0.1797 in 
rn = 0.1094/In(0.2344/0.125) = 0.174.006 in 

€ = Ire — Tn = 0.1797 — 0.174.006 = 0.005 694 in 
C) =n — 1; = 0.174006 — 0.125 = 0.049 006 in 
Co =To — In = 0.2344 — 0.174.006 = 0.060 394 in 
A = 0.75(0.1094) = 0.082.050 in? 
M = F(4+h/2) = 3(4 +0.1094/2) = 12.16 lbf- in 


pe nips Das 
0.08205 0.082 05(0.005 694)(0.125) 
3 12.16(0.0604) 


059 = 


_ —perlvt Any 
0.08205 * 0.08205(0.005 694)(0.2344) ee re 
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4-75 Find the resultant of F; and Fp. 
F, = Fix + Fox = 250 cos 60° + 333 cos 0° 
= 458 lbf 
Fy = Fy + Foy = 250sin 60° + 333 sin 0° 
= 216.5 lbt 
F = (458° + 216.5*)'/? = 506.6 lbf 
This is the pin force on the lever which acts in a direction 
F 216.5 
6 =tan ! z = tan! 4537 25.3" 
On the 25.3° surface from F 


F; = 250 cos(60° = 25.3°) = 206 Ibf 
F, = 250 sin(60° — 25.3°) = 142 Ibf 


2000 Ibf+in 


206 


seg 2 j 


The denomenator of Eq. (3-67), given below, has four additive parts. 
A 


= FdA/r) 


For { dA/r, add the results of the following equation for each of the four rectangles. 


[~ =bin2, b= width 
Ni 


A = 2[0.8125(0.375) + 1.25(0.375)] 
— 1,546 875 in? 


r Tj 
iA 1.8125 2.1875 3.6875 4.5 
G4 ~ 0.3751 (so Ase = apa 
pe ging a aios TS 
= 0,666 8106 

1.546 875 
ip OUR ts 

0.666 8106 


@=S7e Ty = 213 — 2.3198 =04302 
GHha mR = 2.320 — 1 = 1.320 
Cy He =i =] 45 = 2.320 = 2.180 m 


Shear stress due to 206 lbf force is zero at inner and outer surfaces. 


142 __2000(1.32) eee A 
en si Ans. 
a 1.547 | 1.547(0.4302)(1) . * 
142 2000(2.18 
oe a eee ae 


1.547 1.547(0.4302)(4.5) 
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4-76 
A = (6 — 2 — 1)(0.75) = 2.25 in? 
6+2 
C= == = 4 in 
2. 
Similar to Prob. 4-75, 
dA 3.5 6 
— = 0.75 In — + 0.75 In — = 0.635 473 4 in 
r 2 4.5 
A 2.25 ; 
_—— = = 3.5407 in 
{(dA/r) 0.635 473 4 
e = 4— 3.5407 = 0.4593 in 
ee 5000 ie 20 000(3.5407 — 2) ~ 17130-psi' Ans. 
225 2.25(0.4593)(2) 
5000 20000(6 — 3.5407) ; 
09 = = = —5710 psi Ans. 
2.25 2.25(0.4593)(6) 
4-77 


(a) Yo 69 6 
A= bar = [ —dr=2I\In— 
Vj 2 r 2 


— 2.197 225 in” 


1 1 ae 
i= > br dr = dr 
Ady, ZAI 225.35 7 


2 
= —~_(6 — 2) = 3.640957 
21972050” m 
A 2.197 225 
Tl; = oo OO Os 
" f(b/rydr — f8(2/r2) dr 
2.197 225 
So 23905837 i 
21/2 — 1/6] 


e = R — ry = 3.640957 — 3.295 837 = 0.345 12 
Ci =f, — rj = 3.2958 — 2 = 1.2958 in 
Co =lo — Tn = 6 — 3.2958 = 2.7042 in 
20000  20000(3.641)(1.2958) . 
= — 71330 psi Ans. 
% = 9107 1 2.197(0.345 12)(2) pr eae 


20000  20000(3.641)(2.7042 
= = ela Y = F410 pa Ans 
2.197  2.197(0.345 12)(6) 


Oo 


100 Solutions Manual ¢ Instructor's Solution Manual to Accompany Mechanical Engineering Design 


(b) For the centroid, Eq. (4-70) gives, 


\¥ rbAs. .) r2/r)As >> As 4 


lc — = 


~ yibAs YY (2/r)As YS As/r ~ > As/r 


Let As = 4 x 107? in with the following visual basic program, “cen.” 


Function cen(R) 


DS = 4/ 1000 
R=R+DS/2 
Sum = 0 


For I = 1 To 1000 Step 1 
Sum = Sum + DS/R 
R=R+DS 
Next I 

cen = 4/Sum 

End Function 


For eccentricity, Eq. (4-71) gives, 


Vis /(re — s)](2/r)As _ Vts/r)/(re — SAS 
ECM As/(e=s) IC /r)/(re — s)IAs 


Program the following visual basic program, “‘ecc.” 


Function ecc(RC) 

DS = 4/ 1000 

S = —(6 — RC) + DS/2 

R=6—-—DS/2 

SUMI1 = 0 

SUM2 = 0 
For I = 1 To 1000 Step 1 
SUM1 = SUMI1 + DS * (S/R)/(RC — S) 
SUM2 = SUM? + DS * (1/R)/(RC — S) 


S=S+DS 
R=R-—DS 
Next I 


ecc = SUM1 / SUM2 
End Function 


In the spreadsheet enter the following, 


A B Cc D 


1 Yj rc e Tn 
2 2 = cen(A2) = ecc(B2) = B2—-—C2 
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which results in, 


A B C D 
1 rj rc e Tn 
2 2 3.640 957 0.345 119 3.295 838 


which are basically the same as the analytical results of part (a) and will thus yield the same 
final stresses. Ans. 


4-78 ro = 12" 
sy oy 
2 b/2) 
» \\ — =1 = b=2W1-9/4= 4-9? 


—_ VWIsv4 — 57)/(re — s)JAs 
YI(V/4 — s7)/(re — 5) As 
A = sab = n(2)(1) = 6.283 in” 


Function ecc(rc) 
DS = 4/ 1000 
S = —2 + DS/2 
SUM1 = 0 
SUM2 = 0 
For I = 1 To 1000 Step 1 
SUMI1 = SUMI1 + DS * G * Sqr(4 — $%2))/ (re — S) 
SUM2 = SUM2 + DS * Sqr(4 — S*2)/ (re — S) 
S=8+DS 
Next I 
ecc = SUM1/SUM2 
End Function 


lc é In =e —e 


12 0.083 923 11.91 608 


c¢; = 11.91608 — 10 = 1.9161 
Cy = 14—11.91608 = 2.0839 
M = F(2 +2) = 20(4) = 80 kip-in 


20 80(1.9161) . 
= =A59sind Ae 
7 = 683 * 6.283(0.083923)(10) po See 
20 80(2.0839) 


_ _ = HGAGs Ans: 
o = 6983  6.283(0.083 923)(14) ve Sone 
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4-79 


0.4" 0.4" 
| 0.4"R 


For cirel . ie A 2 
or circle, = , =r 
{(dA/r) 2 (re - r2—/?) ° 


dA 
of Saar (« _ 2-7) 
; 


vfs oe = 1in=* on (1.8 sal 1B? — 0.4) = 0,6727234 


A = 1(1.6) — 2(0.47) = 1.097 345 2 in” 


1.097 345 2 
rh, = — 
0.672 723 4 


e= 1.8 —7r, = 0.1688 in 

ee = 1.6312 = 1= 0.6312 in 
65 =2.6—1,6312 = 0.9688 in 
M = 3000(5.8) = 17400 Ibf - in 


=-1.6312 in 


3 17.4(0.6312) . 
pen eg egy eo Aa 
°' = 10973 * 1.0973(0.1688)(1) oe 
3 17.4(0.9688) 


—32.27 kpsi_ Ans. 


059 = 


1.0973 1.0973(0.1688) (2. 6) 


4-80 100 and 1000 elements give virtually the same results as shown below. 
Visual basic program for 100 elements: 


Function ecc(RC) 
DS = 1.6/ 100 
S = —-0.8 + DS /2 
SUM1 = 0 
SUM2 = 0 
For I = 1 To 25 Step 1 
SUM1 = SUM] + DS * S/(RC — S) 
SUM2 = SUM2 + DS / (RC — S) 
S=8+D8S 
Next I 
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For I = 1 To 50 Step 1 
SUM1 = SUM1 + DS * 8S * 1 — 2 * Sqr(0.4% 2 — 8 * 2))/(RC — S) 
SUM2 = SUM2 + DS * (1 — 2 * Sqr(0.4 62 — S$ %*2))/(RC —S) 
S=S8+DS 
Next I 
For I = 1 To 25 Step 1 
SUM1 = SUM1 + DS * S/(RC — S) 
SUM2 = SUM2 + DS/ (RC — S) 
S=S8+DS 
Next 
ecc = SUM1 /SUM2 
End Function 


100 elements 1000 elements 
Te e ln =o — € To e In =o — € 
1.8 0.168 811 1.631 189 1.8 0.168 802 1.631 198 


e = 0.1688 in, r, = 1.6312 in 


Yields same results as Prob. 4-79. Ans. 


4-81 From Eq. (4-72) 


3 2[0 — v)/E})'” 
8 2(1/d) 


Use v = 0.292, F in newtons, E in N/mm” and d in mm, then 


P< {3 [(1 — 0.2927) /207 000] 
8 1/25 
3F 3F 

Pm Ora? ~~ lA K Fey 


1/3 
= 0.0346 


3FI/3 3 FI/3 
~ InK2  2n(0.0346)2 
= 399F!/3 MPa = |omax| 
Tmax = 0.3 Pmax 
= 120F'/? MPa 


4-82 From Prob. 4-81, 


3 2[(1 — 0.2927) /207 000] 
~ {3 1/25 +0 
3F 1/3 3K 1/3 
Pmax ~ 9K?  2n(0.0436)2 


1/3 
= 0.0436 


— 251F 1 
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and so, o, = —251F'/3 MPa _ Ans. 
Tmax = 0.3(251) F!/? = 75.3F'/3 MPa Ans. 
z = 0.48a = 0.48(0.0436)18!/3 = 0.055 mm_ Ans. 


4-83 v, = 0.334, E; = 10.4Mpsi, / = 2in, d, = lin, vy = 0.211, E> = 14.5 Mpsi, d> = —8in. 
With b = K,F'/? 
7 ( 2 (1 —0.3342)/[10.4(10°)] + (1 02H SACI 
© \ 5r(2) 1= 0,125 
= 0.000 2346 


Be sure to check o, for both v; and v2. Shear stress is maximum in the aluminum roller. So, 


Tmax = 0.3 Pax 


4000 
Pmax = 03. = 13300 psi 
Since Pmax = 2 /(mbl) we have 
2F oe 


Poan =" IK Fue WK, 


Ke max 
me (“Acres ) 
2 


_ co 234 6)(13 “wy 


So, 


2 
= 96.1 lbf Ans. 


4-84 Good class problem 


4-85 From Table A-5, v = 0.211 


Ox 


1 1 
=Ga ey -7 =a 


max 


2 = 0711 


P max 


Oz —| 


P max 
These are principal stresses 
Tmax 1 


l 
= —~(6, — 03) = —(1 — 0.711) = 0.1445 
Pmax 2 2 
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4-86 From Table A-5: v; = 0.211, vo = 0.292, Ey = 14.5(10°) psi, Eo = 30(10°) psi, d; = 6 im, 
dg =o,/=2in 


(a) _ 2(800) (1 — 0.2117)/14.5(10°) + (1 — 0.2927) /[30(10°)] 
- ~ V x2) 1/6 + 1/00 


= 0.012 135 in 
2(800) ; 
max — = 20984 
. (0.012 135)(2) Pst 
For z = 0 1n, 


Ox) = —2V] Dmax = —2(0.211)20 984 = —8855 psi in wheel 
Ox2 = —2(0.292)20 984 = —12 254 psi 
In plate 
Oy = —Pmax = —20984 psi 
oO, = —20 984 psi 
These are principal stresses. 
(b) For z = 0.010 in, 
0x, = —4177 psi in wheel 
0x2 = —5781 psi in plate 
Oy = —3604 psi 
o, = —16194 psi 
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5-1 
(a) sl 
LMM 
ky ky ky y 
k= F ; _ F F F 
iy Se i Te 
1 
SO = 
(1/k1) + (1/k2) + (1/ks) 
(b) WANN 
se Fekyt+hyt+ky 
Wh , % 
Ie y k=F/y=kj+k.+k3 Ans. 
WA 
ky 
* hay fe i 1 it —l 
Wy ={—+ 
vive atk ky (; ko + =) 
5-2 For a torsion bar, ky = T/0 = FI/0, and so 0 = Fl/kr. For a cantilever, kc = F/6, 


6 = F/kc. For the assembly, k = F/y, y= F/k =10+6 


eo —_ F _ FI’ 2 F 
k okr) ke 

Or — : Ans. 
(17/kr) + (/kc) 


For a torsion bar, k = T/9 = GJ/1 where J = md*/32. Sok 
springs, | and 2, are in parallel so 


4 d* 
kK=k +k, =K—+ K— 
ly lb 
1 1 
<1 (Lo) 
x I-x 
And 6 -. - 
n =-_—-—= 
1 1 
t Kat (4 ) 
x —Xx 
Kd* 4 
Then T=ké0= q ae 
x l—x 


= md*G/(32l) = Kd*/1. The 


Chapter 5 107 


Kd* Kd‘*6 
X 


ix =i/2, then 7, = 7, Wa =< 1/2, then) > Ts 
Using t = 167 /ad? and 6 = 32TI/(Grd*) gives 
md°t 
T= 
16 


and so 
321 =md?t _ 21 Tan 


Grd* 16 Gd 
Thus, if x < 1/2, the allowable twist is 


Oa = 


2X Tall 
Oat = Ans 
. 4 1 1 
Since k= Kd'{|—-+ 
x Il-x 
_ aGd* (1 oe A 
op ag eae Oe 


Then the maximum torque is found to be 


T MAX Taji 1 re 1 A 
max — a ns. 
16 x Il-x 


5-4 Both legs have the same twist angle. From Prob. 5-3, for equal shear, d is linear in x. Thus, 
d, =0.2d2._ Ans. 
_ 1G | 0.2d)* 3 | _aG 
— 32 | 0.22 0.87} 321 
2(0.8/) Tail 
Gd, 
Tmax = kOa, = 0.198d3t_ Ans. 


(1.258¢}) Ans. 


all = 


5-5 
2 (ry + x tana)” 


Fdx _ Fdx 
AE En(r; +x tana)? 


A=a7r 


db = 


ae [ dx 
~ WE Jo (ry +x tana)? 


_F 1 
TE tana(r; + x tana) / 9 


_ F 1 
TE ri(r; + / tana) 
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Then 
a FL En +H tang) 
= 5 = ] 
EA (,, 21, * 
— = — tana ns. 
l d\ 
5-6 
) oF =(1+dT)+wdx—T=0 
— 
| Enlarged free es = 
! body of length dx dx — 
T 
t Solution is T = —wx +c 
a Joa T\r=9 = P+ wl=c 
| T+dT T=P+w(l—x) 


w is cable’s weight 
per foot 


t, 


The infinitesmal stretch of the free body of original length dx is 


Td 
oa 
AE 
P —_ 
= EU) 5, 
AE 
Integrating, 
_ [ [P + w(l —x)]dx 
~~ Je AE 
Pl wi? 
— ee! Ans 
AE 2AE 
5-7 
M i wi? wx? 
= wlx — — — — 
2 2 
dy wilx? wil? wx dy 
EI — — _ Ci, —=Oatx=0, ..C; =0 
dx 2 ge eR eee 
wix?§ wil*x? ~—wx4* 
Ely= _ _ Co, =Oatx=0, ..C.=0 
y 6 A 7A + C2 y at x 2 
a 2 2 
y (4lx — 61° —x°) Ans. 


~ 24ET 
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5-8 
M=M,=Mz 
d d 
Pl =e. “=taeet. 2c: 20 
dx dx 


Mpx? 


Ely = + Co, y¥=O0atx=0, .Gro=0 


_ Mpx? A 
o> Gap. ee 


d 2 
or site ds = dx? +dy? = dx 1+(2) 
x 


Expand right-hand term by Binomial theorem 


1/2 3 
dy\? 1 (dy 
1 a =e 2 ps she 
+(2) +3(2) = 


Since dy/dx is small compared to 1, use only the first two terms, 


di.=ds dx 
1fdy ‘ 
=dx|/1+—={— —d 
‘| +3(2) | x 
1/dy : 
=-~|—]d 
(2) ’ 


1 sf! (dy\? 
=f (2) dx Ans. 
2 0 dx 


This contraction becomes important in a nonlinear, non-breaking extension spring. 


5-10 


dy > 16a2 64a2x =~ 64a2x? 
pp te 


1 f! f(dy\? 8a? 
-;/ OY) dx =— "Ans. 
2Jo \dx 31 
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5-11 
. WX 
y = asin — 
l 
dy an ax 
= cos 
dx l l 
dy\”  a’x? 1x 
—_ = co =— 
dx /? l 
LP fay 
= (B) 
2 0 dx 
ra ie 
A= —— =2.467— Ans. 
41 a 
Compare result with that of Prob. 5-10. See Charles R. Mischke, Elements of Mechanical 
Analysis, Addison-Wesley, Reading, Mass., 1963, pp. 244-249, for application to a nonlinear 
extension spring. 
5-12 
I = 2(5.56) = 11.12 in* 
eg ines wit 4 Fa 31) 
ne — okay ope 


Here w= 50/12 = 4.167 Ibi/in, anda = 712) = 84 in, and 1 = 10(12) = 120 im: 


4.167(120)* 


— = —0.324i 
1 80)(105)(11.12) om 
600(84)7[3(120) — 84] 
— = —(.584 
"a 6(30)(10°(11.12) ” 
So Ymax = —0.324 — 0.584 = —0.908 in Ans. 
Mo = —Fa — (wl’/2) 
= —600(84) — [4.167(120)?/2] 
= —80 400 lbf - in 
c=4—1.18 = 2.82 in 
—M —80 400)(—2.82 
Omax = : = = x (40-3) 


a 11:12 
= —20.4kpsi Ans. 


Omax 1S at the bottom of the section. 
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5-13 . 3 5 
ee Ro = —(800) + —(600) = 860 Ibf 
3 ft 2 ft Sift C 10 10 
. A B 3 5 
Ro Ro Rc = —(800) + — = 540 lbf 
C Ti )+ 79 (000) 540 
V (Ibf) 
860 
O 60 
ae M, = 860(3)(12) = 30.96(10°) lbf - in 
M oF My» = 30.96(10°) + 60(2)(12) 
(Ibf+in) , 7 
> —~ = 32.40(10°) Ibf - in 
Mmax 32.40 
Omax = FZ _ => eae Z=5Ain 
Fal=G/2i[(1\" . 2 l Fyh3 
=sf = —2/—|— 
Yle=sn 6EII (5) +e "5 |~ 4881 
1 800(36)(60 600(120° 
-— = ON 6 $39 100 = 
16 6(30)(10°)/(120) 48(30)( 10°) I 
1=23.69in' => J[/2=11.84in* 
Select two 6 in-8.2 Ibf/ft channels; from Table A-7, 7 = 2(13.1) = 26.2 in’, Z = 2(4.38) in? 
23.69 1 
Ymax = 6.2 (-=) = —0.0565 in 
32.40 
Omax = ———— = 3.70 kpsi 
2(4.38) 
5-14 


1 = 2(1.54) = 0.2485 in’ 
64 
Superpose beams A-9-6 and A-9-7, 


ak ao OF ODESSA loser ee a) 
SRST TTES 246) = 16" +40} 
ya = —0.1006 in Ans. 
Yhe=20 = Fes) TOP (Odi) Be 1G = 20000) 
4 
~ AGO Oh ORS acer ee 
dite 0.1006 100) = 3.79% Ans. 


0.1006 
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5-15 
1 (3 
IT = —({ =) (1.5%) = 0.10547 in? 
CAs 
From Table A-9-10 
Fa2 
F —_—- — — 
a a Ye = al +) 
qe " dyAB = Fa (I? — 3x?) 
dx  6EIl 
Thus, 
i Fal? _ Fal 
4a 6EIl  6EI 
a Fa?l 
ES 
With both loads, 
_ Fa’l Ee ga ) 
a=" 66l SEr 
Fa? 120(102 
See aoe (0) 3029) + 210] 


6EI 6(30)(10°)(0.105 47) 
= —0.05057 in Ans. 


2Fa(1/2) G (3) | 3 Fal? 
ye = —— | -[ =] | = ——— 
6EI1 2 24 EI 
_ 3 120(10)(207) 
~ 24 (30)(10°)(0.105 47) 


=0.01896in Ans. 


5-16 a= 36in,/ = 72 in, J = 13 in*, E = 30 Mpsi 


_ Fa? FyI3 
Y= ep 3) aay 
_ 400(36)*(36 — 216) 7 400(72)? 
7 6(30)(10°)(13) 3(30)(10°)(13) 


= —0.1675in Ans. 


5-17 I = 2(1.85) = 3.7 in* 
Adding the weight of the channels, 2(5)/12 = 0.833 Ibf/in, 
wit FB 10.833(487) 220(483) 


~8EI 3EI ~~ 8(30)(10°)(3.7) —3(30)(10°)(3.7) 
= —0.1378in Ans. 


YA= 
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5-18 
I = nd*/64 = m(2)*/64 = 0.7854 in# 
Tables A-9-5 and A-9-9 
PP Fa» a» 
=~ Aa? 3] 
Y=—fgnrt mer? — 7? 
120(40)3 10)(400 — 4 
== all + ewe cs = —0.0130in Ans. 
48(30)(10°)(0.7854) — 24(30)(10°%)(0.7854) 
5-19 
(a) Useful relations 
F A8EI 
k SSS SS SS 
y i 


7 — BE _ 2400048)" 
~ A8E — 48(30)10° 


From J = bh? /12 
ie ,/12(0.1843) 
= 


Form a table. First, Table A-17 gives likely available fractional sizes for b: 


84,9, 95, 10in 


= 0.1843 in* 


For h: 
12 oa) 3 
2’ 16’ 8' 164 
For available b what is necessary h for required J? 


,[/12(0.1843) 
b b 


8.5 0.638 " 
9.0 0.626 — choose 9"x=— _ Ans. 
9.5 0.615 8 

10.0 0.605 


(b) 
I = 9(0.625)3/12 = 0.1831 in* 


— 48EI — 48(30)(10°)(0.1831) 


k B 133 = 2384 Ibf/in 
4oI 4 . 

Fe of (90 000)(0.1831) — 4304 Ibe 
cl (0.625 /2)(48) 
F 4394 

y= — = —— = 1.84in Ans. 


k —-2384 
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5-20 


R, = 175 Ibf 
Torque = (600 — 80)(9/2) = 2340 Ibf - in 
12 
— rs: = T>(1 — 0.125)(6) = 2340 
_ 2340 
~~ 6(0.875) 
» Mo = 12(680) — 33(502) + 48R, =0 


33(502) — 12(680) 
R= 

48 
Ry = 680 — 502 + 175 = 353 Ibf 


2 = 446 lbf, 7) = 0.125(446) = 56 lbf 


= 175 1b 


We will treat this as two separate problems and then sum the results. 
First, consider the 680 Ibf load as acting alone. 


R, = 510 lbf Ry = 170 lbf 


Fbx 
Z0A = a +b?—I*); here b = 36", 


x= 12", 1=48", £ = 680 lbf 


Also, 
4 1. 4 
po Kh sae 
64 
_ 680(36)(12)(144 + 1296 — 2304) 
a 6(30)(108)(0.2485)(48) 
= +0.1182 in 
Pal=%) 5 > 
ae _ 2] 
ZAC 6EIl (x-+a x) 


where a = 12" andx = 214+ 12 = 33" 


— 680(12)(15)1089 + 144 — 3168) 
6(30)(10°)(0.2485)(48) 
= +0.1103 in 


£B >= 


Next, consider the 502 Ibf load as acting alone. 
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_ Fbx 
S08 = GET 
x=12", 1=48", I = 0.2485 int 
_ 502(15)(12)(144 + 225 — 2304) _ _pnetaass 
6(30)(10°)(0.2485)(48) 


(x7 +b? —1°), where b = 15", 


Then, ZA 


For zp use x = 33" 

502(15)(33)(1089 + 225 — 2304) 
<B ~~~ 6(30) (10° (0.2485) (48) 

— —0.1146 in 


Therefore, by superposition 


ZA = +0.1182 — 0.0814 = +0.0368 in Ans. 
zp = +0.1103 — 0.1146 = —0.0043 in Ans. 


5-21 
(a) Calculate torques and moment of inertia 
T = (400 — 50)(16/2) = 2800 Ibf - in 
(87) — T))(10/2) = 2800 => h=80l|bf, 7, = 8(80) = 640 lbf 
re 71.25) — 0.1198 in* 


Due to 720 Ibf, flip beam A-9-6 such that yap ~ b =9,x =0,/ = 20, F = —720 Ibf 
dy Fb 7 > > 
= — = —___(3 p=] 
dx |,» ou © ) 
—720(9) 8 
= ——_____"_*"_____(9 + 81 — 400) = —4.793(10 d 
6(30)(10°)(0.1198)(20) °° * ) ete 
yo = —126g = —0.05752 in 
Due to 450 Ibf, use beam A-9-10, 
Fa? ___ 450(144)(32) 


——(] — 
zen 


OB 


= —0,1973 im 


a 3(30)(10(0.1198) 
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Adding the two deflections, 
yc = —0.057 52 — 0.1923 = —0.2498 in Ans. 


(b) At O: 
Due to 450 Ibf: 
d F Fal 
SO) = 8 (P- 3x7) = 
dx|,-.  6EII ep OI 
720(11 li? =4 450(12)(2 
o=- ee wo”) Ura) = 0.010 13 rad = 0.5805° 
6(30)(10°)(0.1198)(20) — 6(30)(10°)(0.1198) 
At B: 


450(12) 
6(30)(10°)(0.1198)(20) 
— —0.01481 rad = 0.8485° 


bp = =4 7050107) [207 — 3(207)] 


8485° 
I = 0.1198 Ue = 1.694 in* 
0.06° 
Ape 4(1.694) 7!/4 
f= (=) _ | ~ 2.424 in 
TU IU 


Used =2.5in Ans. 
1= 22.54 = 1.917 in! 
64 


0.1198 


+ 36.9408 | 
ve ( 1.917 


) = —0.01561in Ans. 


5-22 
(a). =S36(12) = 432 im 


j | 


an 
— LL 
I : 
_ Swit 5(5000/12)(432)4 
Ymax =" 384ET _ 384(30)(10°)(5450) 
= —1.16in 


The frame is bowed up 1.16 in with respect to the bolsters. It is fabricated upside down 
and then inverted. Ans. 


(b) The equation in xy-coordinates is for the center sill neutral surface 


WX 


= sap * —x3—]?) Ans. 


2 
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Differentiating this equation and solving for the slope at the left bolster gives 


ued = ol” — 4x3 — 3) 
X 
dy — owP (5000/12)(432)? 


Thus, = =— 
OX \nug 24ET 24(30)(10°)(5450) 


= —0.008 57 


The slope at the right bolster is 0.008 57, so equation at left end is y = —0.008 57x and 
at the right end is y = 0.00857(x —/). Ans. 


5-23 From Table A-9-6, 


= | 
YL = Gen * ) 
Fb 
a raion 4 hee I?x) 
“= __(3 b> —1 
dx GEIL ) 
dy,|  _ Fb(b* - 1’) 
dx | <0 6ETl 
Fb(b? — 1’) 
Let pay ae cE | 
5 | 6ETl 
Msc c= ra 
nada se = 64 
And solve for dz 
32F b(b2 — 12) |'/" 
L = |-——_ Ans. 
37 Elé 


For the other end view, observe the figure of Table A-9-6 from the back of the page, noting 
that a and b interchange as do x and —x 
1/4 


32Fa(I2 — a2 
ee aad 


dp = 
. | 37 Elé 


For a uniform diameter shaft the necessary diameter is the larger of dy and dr. 
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5-24 Incorporating a design factor into the solution for dz of Prob. 5-23, 


3.5 kN 1/4 
<—100 150 " d= E a Fbo(? — 0 
IU 
= = 
. so 4_,| kN mm? 103(107%) |'/* 


GPa mm 10°(10~3) 


Aish /32(1.28)(3.5)(150)|(250? — 1507)| 10-12 
31(207)(250)(0.001) 


=36.4mm Ans. 


= om 10-*) 


5-25 The maximum occurs in the right section. Flip beam A-9-6 and use 


Fbx 5 > > 
y SETI” +b ) where b = 100 mm 
dy Fb 5 5 5 
— = ——_(3 b* —I*)=0 
dx 6E II es ) 


Solving for x, 
a) 7502 — 1002 
x =i 3 : = / = 3 2 = 132.29mm_ from right 
_ 3.5(10°)(0.1)(0.132 29) 
a 6(207)(10°)(7/64) (0.0364) (0.25) 
= —0.0606mm_ Ans. 


[0.132 29" 4.0.17 = 0.257/(10") 


5-26 
The slope at x = O due to F in the xy plane is 
_ Fib\(bj - 1) 
~~ 6EII 
and in the xz plane due to F is 
_ Fobx(b3 — I’) 
“ 6EIL 


OL 


II 
a™~ 
wd 
ER 
a 
~~ 
N 
NS 
~ 
ite) 


1/2 


_ | (Ao(e-P)\ . (Fb(2-P2)\ 
7 6EII 7 6EIl 
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Designating the slope constraint as €, we then have 


é= |0;| = — {>- [ Fibi (b; — pypy"” 


Setting J = 2d*/64 and solving for d 


sare (WlAneF -P)7] 


For the LH bearing, E = 30 Mpsi, € = 0.001, bj = 12, b) = 6, and / = 16. The result is 
dy = 1.31 in. Using a similar flip beam procedure, we get dr = 1.36 in for the RH bearing. 
Soused = 13/8in Ans. 


12) 1/4 


5-27 For the xy plane, use ygc of Table A-9-6 


_ 100(4)(16 — 8) 


ae a _. “a. 
Y=Tenawie 7" oo ee 


For the xz plane use y4g 
300(6)(8) 35 5 ' He 
= —___~_*__[8? + 6? — 167] = —7.8(10 
== Fando;d6) > + oe 
6 = (—1.956j — 7.8k)(10~%) in 


|5| = 8.04(10-*) in Ans. 


5-28 
1/4 


32 1/2 
t= snag (LLAA? -PP| 


1/4 


7 32(1.5) er basal 
~ |37(29.8)(10%(10)(0.001) {[800(6)(6* — 10*)]° + [600(3)(3* — 10°)]"} 
= 1.56 in 

32(1.5) a 


dp= {[800(4)(10? — 4?)]? + [600(7)(10? — 77) 2} '/ 


32 (29.8)(10°)(10)(0.001) 
= 1.56in choosed > 1.56in Ans. 


5-29 From Table A-9-8 we have 


Mpx > 2 2 
= — 6al + 21 
YL 6ET” + 3a° — 6al + 21°) 
dy, Mp 


= aie + 3a” — 6al + 21°) 
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At x = 0, the LH slope is 


dy, Mp 2 2 
6, = —— = 3a° — 21 
c= ep 
from which 
— |6,;|= l* — 3b 
E = |61| SEIT ) 


Setting J = 2d*/64 and solving for d 


32M, (12 — 3b?) |\/4 


3x Elé 


1 


For a multiplicity of moments, the slopes add vectorially and 


HE pa [M: (? — 3H)P 


on {> [Mi (3a; — pypy" 


The greatest slope is at the LH bearing. So 


dy = 


dr= 


_ | 32(1200)(9? — 3(47)] vs oGces 
32 (30)(10%)(9)(0.002) 
So use d = 3/4in Ans. 
5-30 
Ro yc sor = 6 Fac = 18(80) 
- = J Fac = 240 Ibf 
Ro = 160 lbf 


1 3 4 
I = 55 (0.25)(2°) = 0.1667 in 


Initially, ignore the stretch of AC. From Table A-9-10 


= _Fat |, fe oe e002) (6 + 12) = —0.04147 i 
se BET SCAO0)(0.1067) —_ a 
_ 240(12) 7 
Stretch of AC: 6 = | —— = — > = 1.4668(10°~”) in 
AE} yc (a /4)(1/2)°(10)(10°) 


Due to stretch of AC 
yB2 = —36 = —4.400(1073) in 
By superposition, yp = —0.041 47 — 0.0044 = —0.045 87 in Ans. 
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5-31 
TL 0.1F)(1.5 
6=—= pane re 9.292(10~*) F 
JG ~~ (2/32)(0.0124)(79.3)(10°) 
Due to twist 
dp, = 0.1(0) = 9.292(10-°) F 
Due to bending 
FL? F(0.13) 
ioe = = 1.582(10-°) F 
Bo 3EI  3(207)(10°)(2/64)(0.0124) ~ 
dp = 1.582(10~°) F + 9.292(10->) F = 9.450(10-°) F 
1 
k = ————— _ = 10.58(10°) N/m = 10.58 kN/m_ Ans. 
9.450(10-5) 
5-32 


YBC = 


Fb Fa 
— ha 
l l 
R R 
ey ee 
ky ko 


Lan Fb Fa 
bt” Vee. Ber 


Fa(l — x) 
6ETI P 


Cee ee 


5-33 See Prob. 5-32 for deflection due to springs. Replace Fb/1 and Fa// with wl/2 


ys = 


wl i wl wl wx (1 rf 1 wl 
= = x= — 
2k 2kil  2Qkol 2 \ki ko 2k 


1 1 i 
y= a ix? = 33 P+ + )-3 Ans. 


Q4EI 2 \ki ko 
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5-34 Let the load be at x > //2. The maximum deflection will be in Section AB (Table A-9-10) 


eee 2+ p? — 1’) 
6ETI 


dy AB >. 42 2 
ae pe =f 0 => 3x74+5b?-2P =0 
dx pa = dees 


= 
Xmax = =0.5771 Ans. 


Forx <1f/2 XMmig = 1 —O.5771 =O0A231 Ans. 


5-35 
sober | 00 bE Mo = 50(10)(60) + 600(84) 


= 80400 Ibf - in 
Ro = 50(10) + 600 = 1100 lbf 


I = 11.12 in* from Prob. 5-12 
4.167x? 


M = —80400 + 1100x — — 600(x — 84)! 


d 
EI = —80 400x + 550x? — 0.6944x? — 300(x — 84)? + C, 
XxX 


d 
+ (asad <C,=0 
dx 


Ely = —402 00x? + 183.33x7 — 0.1736x* — 100(x — 84)? + Cy 
y=O0atx=0 2.0% =0 
[—40 200(1207) + 183.33(120°) 


— 0.1736(120*) — 100(120 — 84)7] 
= —0.9075 in Ans. 


¥B ~ 30(10%(11.12) 


5-36 See Prob. 5-13 for reactions: Ro = 860 Ibf, Rc = 540 Ibf 
M = 860x — 800(x — 36)! — 600(x — 60)! 
d 
EI = 430x* — 400(x — 36)” — 300(x — 60)? + C; 
Xx 
Ely = 143.33x3 — 133.33(x — 36)? — 100(x — 60)? + Cix + C2 
y=Oax=0=> CC, =—0 
y =Oatx = 120in > C, = —1.2254(10°) Ibf - in? 
Substituting C; and C2 and evaluating at x = 60, 
1 
Ely = 30(10°)1 (-x) = 143.33(60°) — 133.33(60 — 36)* — 1.2254(10°)(60) 


I = 23.68 in* 
Agrees with Prob. 5-13. The rest of the solution is the same. 
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5-37 
I = 0.2485 in* 


24 
Ro = 12(20) + ioe = 420 lbf 
M = 420x — 3 — 300(x — 16) 


d 
EI — 210x? — 2x3 — 150(x — 16)? +C, 
X 


Ely = 70x? — 0.5x* — 50(x — 16)? ++ Cix + 


,=0axr=0S 6. =—0 
y =Oatx = 40in > C, = —6.272(10°) lbf- in’ 


Substituting for C; and C2 and evaluating at x = 16, 


= | 3. 4) 4 
YA = 30(105)(0.2485) [70(16°) — 0.5(16") — 6.272(10*)(16)] 
= —0.1006in Ans. 
yla-20 = << _—__[70(20") — 0.5(20") — 50(20 — 16)* — 6.272(10*)(20)] 


30(10°)(0.2485) 
= 0.1043 in Ans. 


3.7% difference Ans. 


5-38 


wl@ + a)/2)[¢ — a)/2)] 
l 


Ae, 
=a? ~@) 


Ri = 


w w w 
Rp = (+a) - 2 @ -a) = MC 44) 
2 5 | +a) aS a”) a +a) 


w wx- ow 
M = —(/2 — 2) tian ae 9 | 2 = ji! 
ris aye 5 + 7 +a) (x —1) 
dy Wy» a 9 3 , wv 2 2 
EI—=-( - -— —(l —l Cc 
oF 37‘ ag 7a + 37! +a)*(x —1)°+C, 
Ww Ww w 
pee ta ye ne 
y sal a’)x 7a" + st + 4) (x —1)° + Cyx + Co 
y=Oatc =0=>C,=0 
y=Oa r=! 
Ww Ww wal 
(= — (Pen r=—f ci C)= 
my og oe 
y 7 (Care ole kay ely eas Ans. 


~ 24ETI 
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5-39 From Prob. 5-15, R4 = Rp = 120 lbf, and J = 0.105 47 in* 


First half of beam, 
M = —120x + 120(x — 10)! 
dy _ 2 2 
2 = —60x* + 60(x — 10)" + C; 
x 


dy/dx = 0 at x = 20 in > 0 = —60(207) + 60(20 — 10)* + C) > C; = 1.8(10*) Ibf- in? 
Ely = —20x? + 20(x — 10)? + 1.8(10*)x + Cp 
y =O atx = 10in > CG) = —1.6(10°) lbf- in’ 
1 


aj =16V10° 
Yk=0 = s979HO.1054p 6 OUP? 
= —0.05057 in Ans. 
1 
ylx—20 = [—20(20°) + 20(20 — 10)* + 1.8(10*)(20) — 1.6(10°)] 


30(10°)(0.105 47) 
=0.01896in Ans. 


5-40 From Prob. 5-30, Ro = 160 Ibf |, Fac = 240 bf J = 0.1667 in* 


M = —160x + 240(x — 6)! 
d 
EI — —80x? + 120(x — 6)2+C, 
X 


Ely = —26.67x? + 40(x — 6)? + Cjx + Cy 


y=Vatc=0> Oo =0 


FL 240(12) ae 
y= (3). = GH DIDO = —1.4668(10 ~) in 
atx =6 
10(10°)(0.1667)(—1.4668)(10~7) = —26.67(6°) + C\(6) 
C; = 552.58 Ibf - in? 
n= OT 2667118" + 40(18 — 6)3 + 552.58(18)] 
= —0.04587in Ans. 
5-41 
hh = (1.54) =0.2485int = = = (2) = 0.7854 in! 
64 64 MII 
200 


Ri = ra = 1200 lbf 


200 
For0 <x <16in, M = 1200x — =a t= 4)? 
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M  1200x i 4 4 1 1 , 100 ; 
Mees +4300 | == — ie =a)? = 1200) —= — easy = —_— ea 
I i i bh i 


= 420% = 13 2004/4 = 4)" = 3301 = 4)" = 127 32% = 4)" 


d 
foe 
dx 


2414 50° = 13.2046 = 4)! = 16514 = 4)" = 42.446 = 4) + C} 
.._. dy 
Boundary Condition: Fe 0 atx=10in 
x 
0 = 2414.5(10°) — 13 204(10 — 4)' — 1651(10 — 4)? — 42.44(10 — 4)° + C, 

C, = —9.362(10*) 

Ey = 804.83x>— 6602(x — 4)?— 550.3(x — 4)?— 10.61(« — 4)*— 9.362(10*)x + Co 
y=0 atxz=O0 =] C=0 


For 0 < x < 16in 


[804.83x° — 6602(x — 4)* — 550.3(x — 4)? 
— 10.61(x — 4)* — 9.362(10*)x] Ans. 


»* 30105) 


atx = 10in 
804.83(10°) — 6602(10 — 4)? — 550.3(10 — 4)? 


— 10.61(10 — 4)* — 9.362(10*)(10)] 
= —0.01672in Ans. 


1 
Yix=10 = 30710! 


5-42 


Define 4;; as the deflection in the direction of the load at station i due to a unit load at station j. 
If U is the potential energy of strain for a body obeying Hooke’s law, apply P; first. Then 


U= 5Pu(Pibi1) 
When the second load is added, U becomes 
U= 5Pu(Pibi1) = 5 PaPs 629) + Pi CP 442) 
For loading in the reverse order 
U'= 5 PP, 092) + 5Pi(Pibs1) +> Pa Pia) 


Since the order of loading is immaterial U = U’ and 
P, P2812 = P2 P1521 when P| = P2, 512 = 621 


which states that the deflection at station 1 due to a unit load at station 2 is the same as the 
deflection at station 2 due to a unit load at 1. 6 is sometimes called an influence coefficient. 
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5-43 
(a) From Table A-9-10 | jae 
Fex(2 — x2) ‘pop ey 
YAB = — he i 
6EI! A ee Blot! 
Te ~5 
5.22) ~ca@=@) i. = 
Fes GET or er 
|< 23" ——__> 
Fca(l’ — a?) 
= F$>, = F$,;. = ——————_- 
y2 21 12 6EII 
Sane 
ubstituting J = —— 
GA 


_ 400(7)(9)(237 — 97) (64) 


i= 6(30)(10°%) (zr )(2)4(23) = (1.00347 in Ans. 


(b) The slope of the shaft at /eft bearing at x = 0 is 


_ Foe? -P) 

 «6EIl 
Viewing the illustration in Section 6 of Table A-9 from the back of the page provides 
the correct view of this problem. Noting that a is to be interchanged with b and —x 
with x leads to 


_ Fa(l?—a*) _ Fa(l? — a’)(64) 


d= = 
6ETl 6Exd‘l 
400(9)(23* — 97)(64 
= Oe Se) = 0.000 496 in/in 
6(30)(10°)(zr)(2)4(23) 
So y2 = 70 = 7(0.000 496) = 0.00347 in Ans. 
5-44 Place a dummy load Q at the center. Then, 
Wx Ox 
M=—(- — 
5 = 2 ar 7 
2 MPdx aU 


U=2 ae max pa 
» 2EI 90 | ou 


[- 2M (aM 
Vo = 2 —— | — ]dx 
9 2EI\IO pxt 


2 (f [= 5 
Ymax = 2 —(l — x) + — — dx 
EI \J, | 2 De gay 


Set Q = 0 and integrate 
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Ww Ix? x4 te 
ee ( 3 7), 

Swit 
Ymax = sayy 

384ET 


Ans. 


5-45 
I = 2(1.85) = 3.7 in’ 


Adding weight of channels of 0.833 Ibf - in, 


10.833 0M 
M=-—-Fx-—- x? = —Fx —5.417x? —-=-x 
2 oF 
1 48 aM ] 48 ' 
6B = — M— dx = — F 5.417 d 
B= Fy ; oF = ET , Fat x°)(x) dx 


__ (220/3)(48°) + (5.417/4)(48*) 
7 30(10°) (3.7) 
“yp = —0.1378in Ans. 


= (0.1378 in in direction of 220 Ibf 


5-46 
1 3 nit na (1\* 2 
Ios = —(0.25)(2 ) = 0.1667 in ; AAC SS. SS = 0.196 35 in 
12 4\2 
OF ac 
Fae = 3, =5 
~ aF 
2F Fyc = 3F F right left 
Oo A z M=-Fx M=-2Fx 
6"—>|« 12" 
= re 0M = 0M 
—_- = -x — = —2x 
OF OF 
a Flak 
fae | age 40% 
2EI Jo 2AacE 


aU 1 s’..amM Fyc(OFjc/OF)L 
dF EI J, OF AacE 


I 12 6 
= — | —Fx(—x) dx +f (=2F xj (=22) ax| + 
EI 0 0 


1 [F 6° 108F 
= — | —(123)+4F 
er [3029 +4"(5)] + ack 


864F  108F 
ay ee Te 
_ 864(80) 108(80) 
~ 10(10°)(0.1667) | 0.196 35(10)(108) 


OB 


3F(3)(12) 
AacE 


= 0.045 86in Ans. 
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5-47 
: oT 
Torsion T=—0O.1F aF = 0.1 | F 
ee 
; = oM _ . 
Bending M =—-Fx —=-X NY 
OF 
1 5 (ase 
U = — | M*dx + — 
2EI 2IG 
aU 1 aM T(OT/OF)L 
sp M1 fy il 4, , TOT/OPL 
OF EI OF JG 
i ee 0.1F(0.1)(1.5 
= — —Fx(—x)dx + ee) >) 
EI Jo IG 
F 0.01S5SF 
= =—(0.1° 
3EI per JG 


Where 
f= 7(0.012)" = 1.0179(10-°) m4 
J = 21 = 2.0358(10~°) m* 


_ 0.001 0.015 _ r 
a Eocene ’ RCT | = 9.45(10~) F 


k = ————— = 10.58(10*) N/m = 10.58 kN/m_ Ans. 
9.45(10-) le ee 


5-48 From Prob. 5-41, J; = 0.2485 in*, Ib = 0.7854 in* 


For a dummy load ¢ Q at the center 


200 aM = 
O<x<10in Mite = Se ee ee ee 
2 2 a0 2 
| =< 
Y\|x=10 = 30 lo=0 


2 ¢ x 17° sf 
_ ain (1200x) (-5) dx+ af [1200x — 100(x — 4) 1(-5) ax} 


27 200(4%)  1.566(10°) 

E ij b 

2 1.28(10*) — 1.566(10°) 
0.2485 0.7854 


~ — 30(10°) 
— —0.01673in Ans. 
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5-49 


AB 
aM 
M = Fx —— 
OF 
3 aN 3 
OA N = —Ff ———S SS 
5 OF 5 
4 Ay | 
T =-—Fa —-=-a 
5 OF 5 
4 aM, 4- 
M, = —Fx = 7X 
5 OF 5 
3 aM, 3 
M> = —Fa =a 
5 OF 5 
a 1 4 3/5)F(3/5)l_ (4/5) Fa(4a/5)1 
a ee hae (4/5) Fa(4a/5) 
OF EI Jo AE JG 
1 £4 4 1 3 3 
+ — —Fx | -x)dx+— —Fa\-a)dx 
ET Jo 5 5 ET Jy 3 5 
_ Fa 2 (FL), 16 Fa’l , 16 FP 2 Fa’l 
- 3EI 25\AE 25\ JG 75 \ El 25\ El 
foe. yoo: Aa 77 
64 4 
64Fa> 9 / 4FI 16 (32Fa?l 16 (64F3 9 (64Fa?l 
jg = ++ + + + 
3End+ 25\nd2E 25 \ nd4G 75 \ Exd4 25 \ Exd4 
ee 4000? + 271d? +. 384a21£. + 2561° + 432a71) Ans 
715 Ed+ G 
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5-50 The force applied to the copper and steel wire assembly is F, + Fs = 250 lbf 


Since 6. = ds 


EL _ FL 
3(2 /4)(0.0801)2(17.2)(10°) (xr /4)(0.0625)2(30) (10°) 
Fos 28257, 
(elo = 250 = FeH65.30lbi, Fp = 2.825%, = 184.64 lot 
184.64 : 
G= = 12200 psi = 12.2 kpsi_ Ans. 
3(s/4)(0.0801)2 
65.36 
= ———— _ = 21 300 psi = 21.3 kpsi_ Ans. 
°5 * Gr /4)(0.06252) = eee 
5-51 
(a) Bolt stress o, = 0.9(85) = 76.5 kpsi Ans. 
Bolt force Fy, = 6(76.5) (5) (0.3757) = 50.69 kips 
F; 50. 
Cylinder stress = 2 eres = —15.19kpsi Ans. 


Ae (0/4)(4.52 — 42) 
(b) Force from pressure 


Dp 4? 
re ——P = “ ) (600) = 7540 Ibf = 7.54 kip 
~S—" 50.69 —P 
; ash 
6 bolts — 50.69 + P, x x ss 


Ps Fe= 4.54 (1) 


PAL _ PyL 
(1 /4)(4.52-4)E  6(/4)(0.3752)E 


Since dc = dp, 


Pe =3037F;. (2) 
Substituting into Eq. (1) 
6.037P, =7.54 = P,=1.249kip; andfromEq(2), P. = 6.291 kip 
Using the results of (a) above, the total bolt and cylinder stresses are 


1.249 : 
o, = 76.5 + = 78.4kpsi Ans. 
6(2 /4)(0.3757) 
6.291 


(0 /4)(4.52 — 42) 


Gg. = 15,19 -- —13.3 kpsi Ans. 
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5-52 
T=T.+T7, and 0.=9s 
ies (ee 
Also, = 
(GJ)c  (GJ)s 
(GJ )e 
c= i. 
(GJ)s 
Substituting into equation for 7, 
(GJ) 
FSI va 
¥ am 
7, GJ 
%T, === Ns ns. 
T (GJ)s +(GJI)ec 
5-53 
‘i Ro + RB = W (1) 
- 60a = Sap (2) 
30" 20RQq 30Rz, 3 
W = 800 Ibf = », Ro ==Rp 
7 | AE AE 2 
3 
20" Rs + Rpg = 800 
° 1600 
L. ke= == 320 Ibf Ans. 
Ro = 800 — 320 = 480 Ibf Ans. 
480 
090 = a= —480 psi Ans. 
320 
OR = ae = 320 psi Ans. 
5-54 Since O04 = O4B 
Toa(4) _ Tap(6) Thi 35 
ef er * OA = 54AB 
Also Toa +Tap =T 
ie : + 1 i; Jape Z A 
AB\ 5 =i, AB= 75 ns 
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5-55 
T T ™ Th 
F = F- —_—- >= = —_ 
Se 
Ty = : T, 
ee ihe 
Op + 2 6, = a rad 
ee Tas 180 
T,(48) 3 (3/1.25)T;(48) _ An 
(st /32)(7/8)4(11.5)(10°) 1.25 | (7 /32)(1.25)4(11.5)(10°) | 180 
T, = 403.9 Ibf - in 
3 
T, = eri = 969.4 Ibf - in 
167; — 16(403.9) 
= = = 3071 Ans. 
1 ae 27/8) ae 
16(969.4) 
2 = 7(1.25)> = 2528 ps1 Ans. 
5-56 
10 kip 5 kip 
ky <—— i,—>o Ome Fp i RO 1X 
(1) Arbitrarily, choose Rc as redundant reaction 
(2) >) Fx =0, 10(10°) — 5(10*) — Ro — Rc = 0 
Ro + Rc = 5(10°) lbf 
10(10*) — 5(10?) — Rce]20.—- [5(10°7) + R Rc(15 
B) be = HOH) = 504 = Rel _ [50") + Re] yg _ Re(15) _ gy 
AE AE AE 


—45Rc +5(10°)=0 3S Rc=I1I111Ibf Ans. 
Ro = 5000 — 1111 = 3889 Ibf Ans. 


5-57 


— “1 aa ° 


(1) Choose Rg as redundant reaction 


2 


i 
(2) Rot hear @ Rp(l — a) —- + Mc =0 (b) 
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— Ral - ay? w(l—a)? 


— 4I(1 — a) — (1 — a)? — 617] = 
(3) YB 3ET + ABT [4(7 — a) —(l—a)° — 6I°] =0 
W 
= 6/7 — 41(1 — lay 
=a (la) + (-a)"] 
——" (3/24 2414.0?) Ans 
8(1 — a) 
Substituting, 
Eq. (a) Rc = wl — Rg = a 6F = 10a =e") Ans. 
8(1 — a) 
2 
Eq. (b) Mc = ~ Rell —a) = 5? —2al - a”) Ans. 
5-58 
bebe dd Me 
SEER Ht) 
pas Rp Re 
uM wr ee ( )! oM | )! 
=-— =O). = HV Ha 
2 8 ORG 
aU 1 ¢!'..aM 
—— ~—_ | M——dx 
dRp El Jo  ORp 
1 a _wy?2 1 'T wx? 
=—_ | ——(0)d Ra(x — —a)dx =0 
EI Jy 7 tall RB alo Oe 
Wil ig 4 473 3 Rp 3 3 
Slag a "ld —a) —(a— = 
5 [4 a’) — 3 a)) +> a)’ —(a—a)’]=0 
Ree Bt ae dg ag Se Cr ee) Ace 
B Goa! a’) — 4a —a°)] 8d a) + 2al +a") Ans 
Rosi = Rye vie aor —10al — a2) Ans. 
wil? WwW» 3 
ee ag ee — 2al — a) Ans. 
5-59 
Fee For 
s 1 _ 
A 500 : 500 (a 500 J A = 7 (0.012") = 1.131(10 >) m2 
R, 20 KN 
(1) Ra t+ Fee t+ For = 20kN (a) 


SoMa = 3Fpr — 2(20) + Fer =0 
Fer +3Fpr =40kN (b) 
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(2) M = Rax + Fee(x — 0.5)! — 20(10°)(x — 1)! 
pre = yes + “BE Ay — 0.5)? — 10(10°*)(x — 1)? + C, 
Ely= Raz + “BE Ay 4)" 10%) (x = +¢C2.4o, 
(3) y=0 atx =] 0 Cr = 0 
= (=) - STCOe ION =e 30810" Fae 


Substituting and evaluating atx = 0.5m 
3 


Elyg = 209(10”)(8)(10~’)(—4.2305)(10~*) Faz = Ra + C,(0.5) 


2.0833(10-7) Ra + 7.0734(1077) Fer +0.5C, =0 (c) 
FI Fpr(\) ; 
ad = —4,2305(10~8) F 
a (=) = ~ 1.131(10-4)(209)(10°) VE eiDR 


Substituting and evaluating atx = 1.5m 


1.3? 10 
Elyp =—7.0734(10-°) For = Ra + E15 - 04)" = { (10°V(1.5 = D*+1.5C) 


6 
0.5625R,4 + 0.166 67F g¢ + 7.0734(10~7) For + 1.5C; = 416.67 (d) 
1 1 I 0 Ra 20000 
0 1 3 0 Fee | _ J} 40000 
2.0833(10~7) 7.0734(1073) 0 05 |b Fae | 0 
0.5625 0.16667  7.0734(10~3) 1.5 C 416.67 


Solve simultaneously or use software 
Ra = —3885N, Fee =15830N, For = 8058N, C; = —62.045N-m? 
15 830 8058 
OBE = (1 /4)(122) = 140 MPa Ans., ODF = (/4)(122) = 71.2 MPa Ans. 


EI = 209(10°)(8)(10~’) = 167.2(10°) N- m? 


g-05) = 510°) = ij} - 62.0455 


1 3885, : 15 830 
— _ Xx 
y= 767.2(103) 6 6 
B: x =0.5m, yg = —6.70(10-*) m = —0.670 mm_ Ans. 
1 3885 15 830 
C: x=1m, = ———___ | = (1°) + ——_ = 0,5)" = 62.0451 
x m ye 167.103) 6 O°") = r ( ) ( | 
= —2.27(1077)m = —2.27 mm_ Ans. 
1 3885 15 830 
D: x = 1.5, = —____ 15°) 4 2 s= 05)" 
i »P * T67.2(103) 5 “Gee ( 


2 Fa0y.5 —1)- 62,045(1.5) 


= —3,39(10-+) m = —0.339 mm_ Ans. 


5-60 


Chapter 5 


EI = 30(10°)(0.050) = 1.5(10°) lbf - in? 


(1) Rc + Fer — Frp = 500 
3Ro + 6F ag = 9(500) = 4500 
(2) M = —500x + Fee(x — 3)! + Rc(x — 6)! 
d R 
fl S05 G8 eae, 
dx 2 
250. F R 
Ely =——>x* + E(x iS a = 6) ce CitaeGs 
Fl Fge(2) a 
i’ ae = —8.692(10-7) F 
— (Z5),. (t/4)(5/16)2(30)(105) (10) Fee 


Substituting and evaluating atx = 3 in 
250 
Elyg = 1.5(10°)[—8.692(107’) Fee] = aaa +3C,+C 


1.3038 FRE + 3C) + C2 = 2250 


Since y= 0 atx = 6 in 


250 F 
Ely|<o = 6) 4 (6 3) 66. 
4.5 Fer +6C; + Co = 1.8(10°) 
Fl Fx) - 
or ch ae = 1,0865(10~%) F 
1D (FE). (t/4)(5/16)2(30)(105) ONE De 


Substituting and evaluating atx = 9 in 
250 F 
Elyp = 1.5(10°)[1.0865(10~°) Fp] = -) ne (9 —3)3 
Re ’ 
ae +9C,; + Co 


4.5Rc + 36F pr — 1.6297 F pr + 9C) + Co = 6.075(10*) 


1 1 =] 0 0 Rc 500 
3 6 0 0 O|| Fee 4500 
0 1.3038 0 3 1/2 For $= 2250 
0 4.5 0 6 1 C; 1.8(10*) 

45 36 -—1.6297 9 1 C2 6.075(10*) 


Rc = —590.4 lbf, Far = 1045.2 1bf, For = —45.2 lbf 
C, = 4136.4 Ibf-in?, Cy) = —11522 lbf- in? 
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(a) 
(b) 


(c) 


(d) 


(e) 
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1045.2 ; 
OBE = (t/4(5/16)2 = 13627 psi = 13.6 kpsi Ans. 
45.2 ee 
oO = SSS S1 ns. 
PE /4)(5/16)? —* 
— —_—____(— 11522) = —0.00768 in Ans. 
YA = T5406) ) ee 
1 250 3 
ya = WTS Wee (33) + 4136.4(3) — 11522} = —0.000909 in Ans. 
1 250 1045.2 —590.4 
= ae) a 9— 6 4419640) = 11522 
YD a5 | g O38) 6) (9) 


= —4,93(10-°) in Ans. 


5-61 


F 


Q (dummy load) 


0M 
M = —PRsin@ + QR(1 — cos@) Fy a a 
dU 1 /” PR? 
o=— = — (=P Ksm@)R(1 = cos) kd? = =2—_— 
IO|o-9 EI Jo EI 


Deflection is upward and equals 2(P.R3/EI) Ans. 


5-62 Equation (4-34) becomes 


™ M*R dé 
U= 2 f R/h > 10 
@ ET 


aM 
where M = F R(1 —cos@) and 7 = R(1 —cos@) 


aU 2 f*™ aM 
—-__=—_ | M——Rrd6 
aF EI J) OF 


2. we 
ayaa F R?(1 —cos6)? dé 
EI Jo 


_ 32 F R? 
ETI 


Chapter 5 


Since J = bh? /12 = 4(6)7/12 = 72 mm? and R = 81/2 = 40.5 mm, we have 
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321(40.5)3 F 
a0) beara fas 
131(72) 
where F is in KN. 
5-63 
0M 
M=-Px, —~=-x 0<x<l 
oP 


aM 
M = Pl+PR(1—cos8), => =1+RU—cos6) 0<0<! 


1 


6p = — 
Eo ET 


1 m/2 
{/ —Px(—x) dx +f P{l+R(1 —cos6)/R ao} 
0 0 


P 
CTT ical + 3R[2n1? + 4(2 — 2)1R + (32 — 8)R7]} Ans. 


5-64 A: Dummy load Q is applied at A. Bending in AB due only to Q which is zero. 


aM 
M = PRsin@é + QR(1 +sin@), oo ee CHG = 


aU 1 7? 
(64)v = — = — 


PR? @  sin20 
Se =COS? + = = 


(PRsin@)[R(1 + sind)]|R dé 


m/2 Pp R3 4 
ws (: + *) 
; EI 4 


2 4 
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0M ; 
B: M=PRsind, —=Rsin0 
oP 
oy 1 7 
(dp)vy = 3P = El : (PRsin@)(R sind)R de 
nm PR? 
= — — Ans 
4 EI 
5-65 y 


; 0M . We 
M = PRsin60, —=-—Rsind 0<6<—= 
oP 2 
oT 
T = PR(1 —cos@), apo ene) 


oP Ed 
Integrating and substituting J = 27 and G = E/[2(1+ v)] 


aU i ; 
(8a)y =-= --lz/ P(Rsin6) rao+ a, P[R(1 — cos 6)] rao} 


ba4)y = — a 1 2)|=-[4 8+ (3 8 is 


_ (200)(100)? _ 


5-66 Consider the horizontal reaction, to be applied at B, subject to the constraint (63) = 0. 


0U 
(a) (63)H = aH 0 


Due to symmetry, consider half of the structure. P does not deflect horizontally. 


Chapter 5 
PR ; 0M . TU 
M = —(1-—-cos6)— ARsin0, —-—-Rsind, 0<@0<= 
2 0H 2 
aU 1 7? PR 
—_— = — —(l-—cosé)— HRsiné | (—Rsind)Rdé = 0 
0H ET Jo 2 
se a SS He A 
ae a “ql 


Reaction at A is the same where H goes to the left 


TU PR PR. 
(b) For0<@ < 5, le ae rr 
Iv 


PR . 
M= 5, eG —cos@)—2sin@] Ans. 
4 


Due to symmetry, the solution for the left side is identical. 


0M R : 
(c) OP — og Os een) 
aU. 2. fe Pr ae 
8p = sp =F Jagr eU — c0s@) — 2sin 8] Rdo 
0 IT 
PR3 m/2 
= aalET (1? + 27 cos’0 + 4sin?6 — 277cos 0 
TU 0 


— 4 sind + 47 sin 6 cos 6) dd 


PR 
= SIRT x? (F) +71? (=) +4 (5) =n? dg + 2m | 


_ (327 — 8 —4) PR 


Ans. 
870 EI 
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5-67 Must use Eq. (5-34) 


A = 80(60) — 40(60) = 2400 mm? 
__ (25 + 40)(80)(60) — (25 + 20 + 30)(40)(60) _ 


R 55 mm 
2400 
Section is equivalent to the “T” section of Table 4-5 
60(20) + 20(60 
60 In[(25 + 20) /25] + 20 In[(80 + 25)/(25 + 20)] 
e= R-r, = 9.035 mm 
Straight section 1 3 2 
y L= 7p 69)20 ) + 60(20)(30 — 10) 
{30 mm 
: 1 
[som +2 [5 (10160") + 10(60)(50 — 307 


= 1.36(10°) mm? 
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F, Fy For 0 < x < 100 mm 
Ee 0M aVv 
100 mm M M=-—-Fx, oF. — Ff, —— =. 
For 6 < 1/2 
r OF 
F,-= F cos0, =cos0; Fy = Fsiné, ap = sind 


0M 
M = F(100+ 55sin@), oF (100 + 55 sin @) 


Use Eq. (5-34), integrate from 0 to 2/2, double the results and add straight part 
21 fi 100 (1)F(1)d 7/2 (100+ 55 sin6)? 

pe ZL rata PP MEE [0 100-4 S550) 

0 9  2400(G/E) 0 2400(9.035) 


I 


[ F(100+55sin@) . aah 
sin 
5 2400 


[- F sin? 6(55) 10 
0 2400 


m/2 2 
9 | mE 
0 2400(G/E) 


[- F sin (100 + 55 sin@) 
ji 2400 


Substitute 
I = 1.36(10°) mm?, F = 30(10%) N, E = 207(10°) N/mm?, G = 79(10?) N/mm? 


3 100° 207 / 100 2.908(10*) DD. fe 
30(10°) + ar 
3(1.36)(10°) 79: \ 2400 2400(9.035) 2400 \ 4 


207 / 55 
( )(F)} 0476 mm dre 


a 
207(103) 


2 
— —— (143.197 
7400 aa 79 \ 2400) \ 4 


5-68 


M 
= —R(1 —cos@) 


M = FRsin6é — QR(1 — cos@), 


OF 
Fo = Ocos0+F sind, Mm =cosdé 
0 ; 
50° = [FRsin@ — OR(1 — cos@)]cos@ 
+ [—R(U —cos@)|[Qcosé + F sin@] 


OF, 
"= -—sind 


F, = F cos@ — Osin9@, 
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From Eq. (5-34) 


dU 1 = : | ae 
6 = — — (FR sin@)[—R(1 — cos @)] d6 + — F sin@ cos @dé@ 
dQ O=0 AeE 0 AE 0 


1 ua 
[FR siné cosé6 — FRsin@(1 — cos@)] de 


AE Jo 
CR. (= 
+ — —Fcosé@ sin@d@ 
AG Jo 
2FR | 94 2FR R Fi 2FR r 
== —— =-|—-—- —— ns. 
AcE AE AE 


5-69 The cross section at A does not rotate, thus for a single quadrant we have 
dU 
Ma = 
The bending moment at an angle @ to the x axis is 


F FR 
M = Ma~ >(R~x) = Ma—- (1 ~ 0088) (1) 


because x = Rcos8@. Next, 


M2 m/2 Me 
2EI 0 2EI 
since ds = R dé. Then 
aU R [7 aM 
M— d6 = 


aM, EI Jo aM 


But 0M/d0M, = 1. Therefore 


m/2 m/2 FR 
i mao = | [ax - Fer ~ cose) ao =0 
0 0 


Since this term is zero, we have 


Substituting into Eq. (1) 
FR ( 2 ) 
M = — | tosd = — 
2 


The maximum occurs at B where 0 = 27/2. It is 
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5-70 For one quadrant 


FR 2, oM R 2, 
M = —|cos6é — : = cos@ — — 
2 TA 2 a 


aU 4 7/2 MAM 


EI \4 
5-71 
Cxr*EI 
a= P 
IU 
f= SD ag) = _ie Kk 
64! ) 64 ( ) 
p._C@meE aD K4) 
— p 64 
64P,, 12 ue 
D =| ——_~*_ Ans. 
Eon = ai 
5-72 


IU IU ws 
Azalea kK), Fas] Ke) = = RO ee 
mi ( ), 6A ( ) 6A ( )A + K*), 


D? 
R= — = —(14 kK? 
ri TA + K“) 


From Eq. (5-50) 
P., SS? eg 
(0 /4)D2(1—K?) > 40?k2CE 40 2(_D2/16)(1 + K2)CE 


45°, Pr d=**) 
m?D*(1+ K2)CE 


4P. = 1 D?(1 — K*)Sy — 


45°, Pua K*) 
m(1+ K2)CE 
4P.. 4s° Pd _ K?) ) 


a D?(1 — K*)Sy = 4 Po + 


nS,(1—K2) \ (1+ K2)CEnd — KS, 


P Sy 2 WA 
SS — Ans. 
mSy(1— K*) | 72CE(1 + K2) 
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5-73 (a) 


a 
+S = ————— — = 
AD Ma = 9, 2.5(180) Le Fro lLyj=0. => Lape = 297.7 Ibi 


Using ng = 5, design for Fy, = nagF p90 = 5(297.7) = 1488 Ibf, 1 = V3? + 1.75? = 
3.473 ft, Sy = 24 kpsi 

In plane: k = 0.2887h = 0.2887", C=1.0 

Try 1" x 1/2" section 


| _ 3.47302) _ ayy 
k 0.2887 

I) _ (201300) \"" _ gs, 

ka 24(103) —* 


Since (1/k); > (l/k) use Johnson formula 


3 2 
P=) (5) asco — (= 144.4) Co) — 6930 lbf 


Try 1" x 1/4": Po = 3465 Ibf 

Out of plane: k = 0.2887(0.5) = 0.1444 in, C=1.2 
l 4 
fT 3.473(12) _ 989 
k 0.1444 


Since (J/k), < (l/k) use Euler equation 


1.2(27)(30)(10° 
Po = 10.5) 2 COU) _ 9197 we 
2892 


1\2 
1/4" increases //k by 2, (z) by 4, and A by 1/2 


Try 1" x 3/8": k = 0.2887(0.375) = 0.1083 in 
l 1.2(217)(30)(10° 
7 = 385, Per = 1(0.375) a = ) = 309 Ibf (too low) 


Use 1" x 1/2" Ans. 


P 298 
(b) op = rT ae 50.505) = —379 psi_ No, bearing stress is not significant. 


5-74 This is a design problem with no one distinct solution. 


5-75 = 
F = 800 (=) (37) = 5655 Ibf, Sy = 37.5 kpsi 


Po = ngF = 3(5655) = 17000 lbf 
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(a) Assume Euler with C = 1 


pa Fgh Peal? _ [64 Pel? 7] _ $64 I7I10%)607) 1" _ ya in 
64 Cr2E ~ | 23CE ~ | 73(1)(30)(10°) ~~ 

Used = lj in kj=d4=0375 

1 60 

es es 160 

k 0.375 

1 27 2(1)(30)(10%) \ 1? 
(z) = oe ’) = 126 .. use Euler 
; 


__ 17(30)(10°) (a7 /64)(1.5*) 
7 602 


d=1.5in is satisfactory. Ans. 


= 20440 Ibf 


cr 


64(17)(107)(182 
(b) -| (17)(10°)(18°) 


1/4 
= 0.785 in, 0.875 i 
(1)(30)(105 in, so use in 


oF 
k= — = 0.2188 im 


18 
[/k = ——— = 82. h 
ri 0.2188 82.3 try Johnson 


a 37.5(103) 7 1 
P.. = —(0.875) | 37.5(10°) — ( ——*82.3 ) ———__—_ | = 17714 lbf 
4‘ | ay) ( on ) 1(30)(10°) 
Used = 0.875 in Ans. 
20 440 


oS ast Ane 

(c) Na) 3655 ns 
17714 

N(b) — "Bese. => 3.13 Ans. 


5-76 
|" = 9.8(400) = 3920 N 
4F sind = 3920 


2F 3920 
F = 7 
4sin0 


In range of operation, F is maximum when 6 = 15° 
_ 3920 
~ 4sin 15 

Poe = fh Fax = 2.5(3 780) = 9465 N 
1 = 300 mm, h = 25 mm 


= 3786 N per bar 


max 
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Try b = 5 mm: out of plane k = (5/V 12) = 1.443 mm 


k 1443 
1 2n2)(1.4)(207)(10°) 1/7 
(; = ae] = 123... use Euler 
1 
(1.4sr7)(207)(107) 
(207.8)2 
Try:3.5 mnt k= 5.5/V12 = 1.588 mm 


l 300 
- => = 1 
kK 1.588 . 


= 8280 N 


(1.477)(207)(103) 
1892 
Use 25 x 5.5mmbars Ans. The factor of safety is thus 
11010 


n = —— =2.91 Ans. 
3786 


= 11010 N 


Pe = 25(5.5) 


5-77 > F =0=2000+10000—-P =4 P=12000Ibf Ans. 


5.68 
S> M, = 12000 (=) — 10000(5.68) + M =0 


2000 10,000 


M = 22720 Ibf- in 
M22 (7 


LA" “=p ~ 12 \ 000 


From Table A-8, A = 4.271 in’, I = 7.090 in* 


) = 1.593 in Ans. 


I 7.090 
) al rad eke ) 
k= Fi 4971 1.66 in 
12000 1.893(2) . 
Oc = AML c 1.66 = —9218 ps1 Ans. 
12000 1.893(2) . 
=~ A = 1.6 as 


3598 | 


| 9218 


5-78 This is a design problem so the solutions will differ. 


146 


Solutions Manual e Instructor's Solution Manual to Accompany Mechanical Engineering Design 


5-79 For free fall with y <h 


\ > Fy —mj3 =0 ale 
mg—my=0, soy=g | 


Using y =a+bt +ct’, we have at t = 0, y= 0, and y = 0, and soa = 0, b = 0, and 
e= 2/2. Thus 


1 
=a and y=gt fory<h 


At impact, y = h, t = (2h/g)!/, and vp = (2gh)'/” 


After contact, the differential equatioin (D.E.) is al 


Ky — of 


mg —k(y —h)-—my =0 fory >h | 
mg 


Now let x = y —h; then x = y and x = y. So the DLE. is x + (k/m)x = g with solution 
wo = (k/m)'/? and 


m 
x = Acosat’+ Bsinawt’ + = 


At contact, t/ = 0, x = 0, and x = vo. Evaluating A and B then yields 


m Uv m 
x= a8 cos wt’ + — sin wt! + Ee 
k w k 
or 
WwW Uv WwW 
y = —— coswt’ + — sinwt! + — +h 
k w k 
and 


. Wo, F P 
y= geet + vg COS wt 


To find ymax set y = 0. Solving gives 


k 
ee 
Ww 
k 
or (ot')* = tan! (- 7) 
Wow 


The first value of (wt’)* is a minimum and negative. So add z radians to it to find the 
maximum. 


Numerical example: h = | in, W = 30 lbf, k = 100 Ibf/in. Then 
w = (k/m)'/* = [100(386) /30]!/* = 35.87 rad/s 
W/k = 30/100 = 0.3 
vo = (2gh)!/? = [2(386)(1)]!/* = 27.78 in/s 
Then 
». 2178 ., ; 
y = —0.3 cos 35.87t' + 35.87 sin 35.87¢ +0.3+1 


5-80 
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For ymax 


vok _-27.78(100) 
net Se Se 2 559 
oo Wa 30(35.87) 


(wt’)* = —1.20 rad (minimum) 


(ot’)* = —1.20+ m2 = 1.940 (maximum) 


Then ¢’* = 1.940/35.87 = 0.0541 s. This means that the spring bottoms out at t’* seconds. 
Then (wt’)* = 35.87(0.0541) = 1.94 rad 


8 
35.87 sin1.94+0.3+1=2.130in Ans. 


The maximum spring force is Finax = k(¥max — 2) = 100(2.130 — 1) = 113 Ibf Ans. 


So Ymax = —0.3 COS 1.94 + 


The action is illustrated by the graph below. Applications: Impact, such as a dropped 
package or a pogo stick with a passive rider. The idea has also been used for a one-legged 
robotic walking machine. 


Free fall 


Speeds agree 
| | | | | | | | | | | | | | 
T T T T T T T T T T T T T Time?’ 
—0.05 -0.01 0.01 C05 sa cttiea ces 
Time of Inflection point of trig curve ey acieaca 
release (The maximum speed about 
this point is 29.8 in/s.) 
During 


contact 


Choose t’ = 0 at the instant of impact. At this instant, v) = (2gh)\/ 3 Using momentum, 
M,V,; = M202. Thus 


Wi + W2 
——— 


W 
= gh)? = 5 


_ Wi(2gh)'/ 
— Wi+ Wr 
Therefore at t’ = 0, y = 0, andy = vp 


| | Let W = W, + W2 
ky YW, 


Because the spring force at y = 0 includes a reaction to W2, the D.E. is 
Ww .. 
—y=-ky+W, 
§ 
With w = (kg/W)'/” the solution is 
y = Acosat’ + Bsinat’ + W,/k 
y = —Ao sinwt’ + Ba cos at’ 
Att =0,y=0>A=-W//k 
Att’=0,y =w > v2. = Bw 
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Then 
U2 W,(2gh)!/? 


wo (Wi + Wayikg/(W1 + Wa)? 


B= 


We now have 
2h 


k(W, + W2) 


i : Ww, 
sin wt + — 


= le 
a k 


Transforming gives 


where ¢ is a phase angle. The maximum deflection of W2 and the maximum spring force 
are thus 


Wi ( 2hk a sa Wi, 
max — 2 We ee ns. 
k \Wi+ W2 


2hk ca 
Finax = KY max + W,= W, Cake + 1) +W,+ W> Ans. 


5-81 


Then 
W.. 
ra = k(x — y) —ky 


A particular solution for x = a is 


_ kia 
a ky + ky 
Then the complementary plus the particular solution is 
A kia 
y = Acosat + Bsinwt + ae 
where o= ative) 
Ww 
Att =0, y = 0, and y = 0. Therefore B = 0 and 
= kia 
ices 
Substituting, 
— mie (1 — cos at) 
ky + kp 
Since y is maximum when the cosine is —1 
2k1a 


= Ans. 
max ae ns 


(a) 


(b) 


(c) 


(d) 


Chapter 6 


/ 2 


o = (4 —oagopt 03)? = (o; — OxOy + o, + = 


MSS: oy = 12, 69 = 6, 63 =0 kpsi 


50 
n= —=4.17 Ans. 
12 
/ 2 2)1/2 : 50 
DE: o’ = (127 — 6(12) + 6”)! = 10.39 kpsi, n = —— = 4.81 
10.39 
12 iy 
o4,08 = —~+,/{(—) 4+(—8)? = 16, —4 kpsi 
2 2 
Oo; = 16, 02 = 0, 03 = —4 kpsi 
50 
MSS: — —"___=925 Ans. 
n 16 — (—4) ns 
50 
DE: o’ = (127 + 3(—87))!/? = 18.33 kpsi, n= ‘ag = 2.73. Ans. 
—6—10 =6-510\7 
oA, 0B = —> + ( > ) + (—5)? = —2.615, —13.385 kpsi 
o1 = 0, 02 = —2.615, 03 = —13.385 kpsi 
50 o 
MSS: ey ae 
"= 0 — (—13.385) ae 
DE: 0’ = [(—6)? — (—6)(—10) + (—10)? + 3(—5)7]/? 
= 12.29 kpsi 
50 
=. S307 A 
oa Oe 


124 12—4\? ; 
TA, 0B = + 3 + 12 = 12.123, 3.877 kpsi 


Oj = 12,123,605 = 3.877, 03 = 0 kpsi 


50 
MSS: = ——___ =4 12 Ans. 
*= 12.123 =0 es 
DE: o’ = [127 — 12(4) + 47 + 3(17)]!”? = 10.72 kpsi 
50 
—— =4.66 Ans. 


he = 
10.72 


a 
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6-2 S, = 50 kpsi 


Sy 


01 — 03 


MSS: qa=-3=S/n > n= 


1/2 1/2 
DE: (02 —o4on +03)" =Sy/n > n=Sy/ (02 —o4on +03)" 


50 
(a) MSS: oy = 12 kpsi, og = 0,2 = Doo = 4.17 Ans. 


50 


pe "= 7122 — 12)(12) + 122 


=417 Ans. 


50 
(b) MSS: o, = 12 kpsi,o3 =0,n = —=4.17 Ans. 


12 
50 
DE: = =4.81 Ans. 
"= 1122 — (12)(6) + 72 - 
(c) MSS 12: pei Pita Y 2.08 A 
: oj. = ,03=— n= —————__ = 2. ns. 
1 p 3 p 12 —(—12) 
50 
DE: 2 = 94 Ans 
"= 112 — 2)(—12) + 1228 a 
(d) MSS: ao, = 0, 03 = —12 kpsi,n = (<12) =4.17 Ans. 
50 
DE: = —481 
"= 1-62 — (—6)(—12) + (— 1272 
Sy = 390 MPa 
s 
MSS: g-3=S/% > n= Z 
01] — 03 
2 2\1/2 2 2\ 1/2 
DE: (04 — o4og +95) =Sy/n => n=Sy/ (04 — o4og +05) 
390 
(a) MSS: o; = 180 MPa, 03 = 0,n = 180 =2.17 Ans. 
390 
DE: ee Ae 
” = 71802 — 180(100) + 1002]!72 _ 
180 1807 
(b) 04,08 =—- + (+) + 1002 = 224.5, —44.5 MPa = a1, 03 
390 
MSS: = 1.45 Ans. 


"= 904.5 — (—445) 


390 


DE: = 
"= T1802 + 3(1002)]!72 


= 1.56 Ans. 
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160 160\7 
(ce) 64,03 = —— + (2) + 1002 = 48.06, —208.06 MPa = 04, 03 


P) 2 
MSS: n= — = 1.52 Ans. 
48.06 — (—208.06) 
390 
DE: n= [1602 + 3(1002)]172 = 1.65 Ans. 
(d) o4, op = 150, —150 MPa = 01, 03 
380 
MSS: n= 150 — (150) = 1.27 Ans. 
390 
DE: n= (3(150)2]172 = 1.50 Ans. 
6-4 S, = 220 MPa 
(a) 0; = 100, o> = 80, 03 = 0 MPa 
MSS: n= = = 2.20 Ans. 
100 —0 
DET: o/ = [1007 — 100(80) + 80°]!/7 = 91.65 MPa 
n= Rae =2.40 Ans. 
91.65 
(b) Oo} = 100, 02 => 10, 03 = O MPa 
MSS: n= gaia = 2.20 Ans. 
100 
DET: oo’ = [1007 — 100(10) + 10°]!/* = 95.39 MPa 
n= 2 =2.31 Ans. 
95.39 
(c) o; = 100, op = 0, 03 = —80 MPa 
MSS: n= ee = 1.22 Ans. 
100 — (—80) 
DE: o’ = [100° — 100(—80) + (—80)?]!/* = 156.2 MPa 
220 
n= 1562 = 1.41 Ans. 
(d) o; = 0, oo = —80, 03 = —100 MPa 
MSS: n= ga = 2.20 Ans. 
0 — (—100) 
DE: o’ = [(—80)? — (—80)(—100) + (—100)?] = 91.65 MPa 
220 
—— =2.40 Ans. 


hn. = 
91.05 


152 Solutions Manual e Instructor's Solution Manual to Accompany Mechanical Engineering Design 


6-5 
OB 2.23 
MSS: yeaa, | 
(a) "= OA 1.08 
2, 
ee 
OA 1.08 
OE 1.65 
MSS: carga 
Dy MSS FS go 
Fou. 
Oe #20 22 9% 
OD 1. 
(a) 
Scale 
1" = 200 MPa 
OH 1.68 
MSS: ye ee a LG 
(©) o OG 105 
Ol 1.85 
DE: foes 
OG 1.05 
OK 1.38 
d) MSS: Ss 
(d) = OF 1.05 
L 1.62 
DE: n= Of ° 1.5 
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6-6 S, = 220 MPa 


MSS: = — = —— =2.2 

(a) MSS n aa a 

OC 3.1 
DE: n=— =-—_=24 

OA Re 
Of 22 

(b) MSS: n= — = — =2.2 
OD i 
OF 2.33 
OD 1 

eee a) 
a 
a 
ee 
a 
A a 
ea 
A 
a 
1" = 100 MPa ra 


(d) MSS: n= — = — =2.22 


DE: n=—=——=24 
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6-7 Sy; = 30 kpsi, Sy¢ = 100 kpsi; 04 = 20 kpsi, og = 6 kpsi 


Sie _ 30 
(a) MNS: Eq. (6-30a) n=—= —=15 Ans. 

Ox 20 
30 

BCM: Eq. (6-31a) c= Ts 1.5 Ans. 
30 

MIM: Eq. (6-32a) n= = 1.5 Ans. 
30 

M2M: Eq. (6-33a) r= Ta 1.5. Ans. 


(b) oy = 12 kpsi,t,y = —8 kpsi 


(2 7 
O4,0RB =—+ — J) +(-—8)? = 16, —4 kpsi 


2 2 
30 
MNS: Eq. (6-30a) n= ie 1.88 Ans. 
BCM: Eq. (6-31) See ee pee a 
: Eq. (6- a a n=1., ns. 
30 
MIM: Eq. (6-32a) i= is 1.88 Ans. 
30 
M2M: Eq. (6-33a) i= 167 1.88 Ans. 


(c) o, = —6kpsi, oy = —10 kpsi, t,y = —5 kpsi 


2610 =6-210\" 
TA, 0B = — + /( > ) #25) = 2.61, -13.39 psi 


100 


MNS: Eq. (6-30b) pS = 9950 7 7.47 Ans. 

BCM: Eq. (6-31c) n=— ae = 7.47 Ans. 
—13.39 

MIM: Eq. (6-32c) n=— ae = 7.47 Ans. 
—13.39 

M2M: Eq. (6-33c) n=— ae = 7.47 Ans. 
—13.39 


(d) oy = —12 kpsi, ty = 8 kpsi 


12 (2\* 
O4,0R = —-— + ——}) +82=4, —-16 kpsi 


BCM: Eq. (6-31b) 


MIM: Eq. (6-325) 


M2M: Eq. (6-33b) 


Reduces to 


Chapter 6 


=> 


—16 


__ (100 — 30)4 
~ 10030) 


~ 100 


n 
30 


4 n(—16) + 30 
30 — 100 


n=3.41 Ans. 


= n=395 


[= 


n* — 1.1979n — 15.625 = 0 


1.1979 + ./1.19792 + 4(15.625) 


Z 


oR 


1" = 20 kpsi 


= 4.60 Ans. 


Ans. 


155 


156 
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See Prob. 6-7 for plot. 


OB 1.55 
For all methods: = — = — = 155 
(a) For all methods n AA 103 
(b) BCM: = rad = os = 1.75 
a= OC 03° 
E 1. 
All other methods: n= eal = La = 1.9 
OC 0.8 
(c) For all method = ae 7.6 
rall m s: = — = — =7,. 
eres "OK 0.68 
OJ 5,12 
d) MNS: = —__ = —__ = 6,2 
(d) "= OF 0.82 
2. 
BCM: n= dh = zi? — 35 
OF 0.82 
H ; 
MIM: n= kaa = ae. 2 = 4.0 
OF 0.82 
I 82 
M2M: en ee 
OF 0.82 


6-9 


Given: Sy = 42 kpsi, Sy; = 66.2 kpsi, ef = 0.90. Sinceey > 0.05, the material is ductile and 
thus we may follow convention by setting Sy- = Sy. 

Use DE theory for analytical solution. For o’, use Eq. (6-13) or (6-15) for plane stress and 
Eq. (6-12) or (6-14) for general 3-D. 


(a) o/ = [9° — 9-5) + (—5)*]!7 = 12.29 kpsi 


42 
n = —— =3.42 Ans. 
12.29 
(b) o/ = [12? + 3(37)]'” = 13.08 kpsi 
42 
n = —— =3.21 Ans. 
13.08 
(c) o! = [(—4)* — (—4)(-9) + (—9)? + 3(57)]!7 = 11.66 kpsi 
ee 3.60 A 
= Ti6G ee 
(d) o’ = [11° — (11)(4) + 4 + 3(17)]!” = 9.798 
42 
n = — =4.29 Ans. 


9198 
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og 


1 cm = 10 kpsi _—" 


_—-—— . 


(c) 


For graphical solution, plot load lines on DE envelope as shown. 


(a) o4 = 9,0R = —5 kpsi 


OB 35 
n= — = — =3,5 Ans 
OA 1 
12 12\* 
(b) o4,08 => +,/(>]} + 32 = 12.7, —0.708 kpsi 
OD 42 
n= — = —~ = 3.23 
OC 13 
—4—9 4 \* 
(c) 04,03 = 5 ee (>) + 5? = —0.910, —12.09 kpsi 
OF 4.5 
= —_ = —__ =36 Ans. 
Oo ig ee 
11+4 ie 
(d) o4, 08 = ae ae oo + 17 = 11.14, 3.86 kpsi 
OH 5.0 
n= — = — =4.35 Ans. 
OG 1.15 


6-10 


This heat-treated steel exhibits Sy, = 235 kpsi, Sy; = 275 kpsi and é¢ = 0.06. The steel is 
ductile (e¢ > 0.05) but of unequal yield strengths. The Ductile Coulomb-Mohr hypothesis 
(DCM) of Fig. 6-27 applies — confine its use to first and fourth quadrants. 
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(a) o, = 90 kpsi, oy = —50 kpsi, 0, = 0 .. 04 = 90 kpsi and og = —50 kpsi. For the 
fourth quadrant, from Eq. (6-13) 


1 1 
"= (ea/Sy1) —(B/Suc) (90/235) — (—50/275) 


(b) o, = 120 kpsi, ty = —30 kpsi cew. o4, 0g = 127.1, —7.08 kpsi. For the fourth 
quadrant 


= 1.77 Ans. 


1 
” * (127.1/235) — (—7.08/275) 


(c) ox = —40 kpsi, oy = —90 kpsi, tyy = 50 kpsi. of, og = —9.10, —120.9 kpsi. 
Although no solution exists for the third quadrant, use 


= 1.76 Ans. 


Sye 275 
n=—-— = - = 2.27 Ans. 
Oy —120.9 
(d) ox = 110 kpsi, oy = 40 kpsi, try = 10 kpsicw. o,4, og = 111.4, 38.6 kpsi. For the 
first quadrant 
S 2 
gh iG Ans. 
OA 111.4 
Graphical Solution: 
a OB _ 18212. ie 
| ( — ke 
: OA 1.02 
OD 2.24 
b) n = — = —=175 
(b) 2 = Oe = T38 
Cre OF 2.75 955 
"OR 124 ~ 
(a) OH 2.46 2.08 
n2=ooOr FT CO q 
OG 1.18 
1 in = 100 kpsi 


6-11 
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The material is brittle and exhibits unequal tensile and compressive strengths. Decision: 
Use the Modified II-Mohr theory as shown in Fig. 6-28 which is limited to first and fourth 


quadrants. 


Sut = 22 kpsi, 


Parabolic failure segment: 


Suc = 52 kpsi 


Seo)" 
Cy ee 
22 — 83 
SB SA SB SA 
—22 22.0 —60 13.5 
—30 21.6 —70 8.4 
—40 20.1 —80 23 
—50 17.4 —83 0 
(a) o, =9 kpsi, oy =—5 kpsi. 04,03 =9,—5 kpsi. For the fourth quadrant, use 
Eq. (6-33a) 
Sue . 22 
n= — = — =2.44 Ans. 
OA 9 
(b) o, = 12 kpsi, try = —3 kpsi ccw. 04, og = 12.7, 0.708 kpsi. For the first quadrant, 
Su 22 
n= = —_=1.73 Ans. 
OA 12.7 


(c) oy = —4kpsi, oy = —9 kpsi, try = 5 kpsi. o4, og = —0.910, —12.09 kpsi. For the 
third quadrant, no solution exists; however, use Eq. (6-33c) 
—83 
n= = 6.87 Ans. 
—12.09 
(d) ox = 11 kpsi,oy = 4kpsi,t,y = 1 kpsi.o4, og = 11.14, 3.86 kpsi. For the first quadrant 
S S 22 
et ey Ans. 
OA OA 11.14 
30F 
= Sip = 22 
| J ET | 
ne 30.4 
| ™~ 
an 


90 
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6-12 Since e¢ < 0.05, the material is brittle. Thus, S,; = S,- and we may use M2M which is 
basically the same as MNS. 


(a) o4, 08 = 9, —5 kpsi 


35 
n= re = 3.89 Ans. 


(b) o4, op = 12.7, —0.708 kpsi 


35 
= —=+=2.76 A 
e127 oe 
(c) 04, op = —0.910, —12.09 kpsi (3rd quadrant) 
n= ae. = 2.98 Ans. 
12.09 %. 
(d) o4, 0g = 11.14, 3.86 kpsi | 
35 
n= —  =3.14 Ans. 
11,14 
1 cm = 10 kpsi 
Graphical Solution: le @) 
OB 4 ea 
(a) n = —=-=4.0 Ans. —— o; 
OA 1 a: ot) 
OD 3.45 [| 78s, | 
b) n= —~ = —— =2.70 Ans. Ee 5 | 
= Oe 128 ’ | a 
OF 3.7 | P “(a 
(c) n= OE = 13 = 2.85 Ans. (3rd quadrant) | | = 
(a) OH 3.6 313 A Sree eemtene | POSS Ser Soon ees 
hS Ss =S=E_|U_WPS 7 . 1 
OG 1,15 us ) 
6-13 S,; = 30 kpsi, S,- = 109 kpsi 
Use M2M: 
(a) o4, 0p = 20, 20 kpsi 
30 
Eq. (6-33a): = —=1.5 Ans. 
q. ( a) n 0 5 ns 
(b) o4, 0g = + (15)? = 15, —15 kpsi 
30 
Eq. (6-33a) n= is =2 Ans. 


(c) 04, 08 = —80, —80 kpsi 
For the 3rd quadrant, there is no solution but use Eq. (6-33c). 


109 
Eq. (6-33c): i= 75 1.36 Ans. 
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(d) o4, op = 15, —25 kpsi 


15 —25n + 30\7 
Eq. (6-335): PE gg | ean ag 
30 30 — 109 
n=1.90 Ans. 
- OB _ 425 _ | 
ES Ss S_a oS SS Ys 
fe OA 2.83 
) n= 22 44 ong - ; 
"GC 242°” ; oA 
Sas =” 4197 Gaauidind 
= po a rd quadran 
OH 53 
Qn 
(y= og 9g 
1 cm = 10 kpsi 
ee 
J 
Ff 
/ E 
va 
S 
w 
/ 
fe 


(cy 


6-14 Given: AISI 1006 CD steel, F=0.55 N, P= 8.0 kN, and T= 30 N-m, applying the 
DE theory to stress elements A and B with S, = 280 MPa 


_ 32Fl in 4P — 32(0.55)(10°)(0.1)  4(8)(103) 
~ gtd3 td? 7(0.0203) 7(0.0207) 
= 95.49(10°) Pa = 95.49 MPa 


A: Ox 
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16T 1 
ry = OF — 1600 ~ 19 .10(105 Pa = 19.10 MPa 
* gtd? (0.0207) 


o” = (02 +3r2,)'"” = [95.497 + 3(19.1)7]!/? = 101.1 MPa 


Sy 280 
n= — = ——=2.77 Ans. 
o! 101.1 


4P — 4(8)(10°) 
md3 (0.0202) 

. l6T | 4V __16(30) *| 0.55(10°) 

 td3 3A (0.0203) 3 | (1 /4)(0.0202) 
= 21.43(10°) Pa = 21.43 MPa 

o! = [25.477 + 3(21.43°)]!/7 = 45.02 MPa 


2) 659 A 
n = — =| O. - 
45.02 = 


= 25.47(10°) Pa = 25.47 MPa 


6-15 Design decisions required: 


¢ Material and condition 
¢ Design factor 

¢ Failure model 

¢ Diameter of pin 


Using F = 416 lbf from Ex. 6-3 


32M 
Omax = 
ad? 
32M \2 
~ (- —~) 
Decision I: Select the same material and condition of Ex. 6-3 (AISI 1035 steel, S, = 


81000). 


Decision 2: Since we prefer the pin to yield, set ng a little larger than 1. Further explana- 
tion will follow. 


Decision 3: Use the Distortion Energy static failure theory. 
Decision 4: Initially setng = 1 
S S 
Omax = — = ~ = 81000 psi 
Nd 1 


= aa 15) 


1/3 
= 0.922 in 
(81 000) 
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Choose preferred size of d = 1.000 in 


1)(81 
= 550 
32(15) 
530 
n= — = 1.274 
416 
Set design factor tong = 1.274 
Adequacy Assessment: 
S, 81000 
m= = =] 63580 1 
Oe ago oe ve 
32(416)(15) ]'? 
gq —| 241905)" _  oo0in (OK) 
(63 580) 
m(1)3(81 000) 
= —___ = 50 It 
32(15) 
530 
= — = 1.274 K 
"= 416 ee 


6-16 Fora thin walled cylinder made of AISI 1018 steel, S$, = 54 kpsi, S,; = 64 kpsi. 
The state of stress is 


pd p(8) pd 
= —_ = —4 = —_—_—_ = 20 ‘ == 
4 4(0.05) Pr Or =P 


These three are all principal stresses. Therefore, 


Of 


— slier — 02)? + (02 — 03)? + (03 — 0)? ]!” 
1 

— —_[(40p — 20p)? + (20 2 4 (=p —40py 
Win Pp py +(20p + py +(=p Py) 


=355lp=34 => p=1.52kpsi (foryield) Ans. 
For rupture, 35.51 p = 64 => p= 1.80kpsi Ans. 


6-17 For hot-forged AISI steel w = 0.282 Ibf/in’, Sy = 30kpsi and v = 0.292. Then p = w/g = 
0.282/386 lbf - s”/in; 7; = 3in; ro = Sin; 7? = 9; 72 = 25; 3 + v = 3.292; 1+ 3v = 1.876. 


— 


Eq. (4-56) for r = r; becomes 


34+0 1+ 3v 
a1 = put (5% ) [d+ (- }| 


Rearranging and substituting the above values: 


Sy 0.282 (3.292 1.876 
_ 5040/1 
wo ae | 8 | - ( a) | 


= 0.01619 
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Setting the tangential stress equal to the yield stress, 


30000 \!/? 
= | ————_ = 1361 
Ga ) 361 rad/s 
or n = 60@/2m = 60(1361)/(277) 
= 13000 rev/min 


Now check the stresses atr = (ror;)!/?,, orr = (5(3) 1/7 = 3.873 in 


3 
Or = po? ( =) (=n) 


0.282a (3.292 
= —___| —__ |G =3/ 
386 ( 8 ye 


= 0.001 2030* 
Applying Eq. (4-56) for o; 


0.282\ /3.292 9(25)  1.876(15) 
2 
= 2 —_— 
= o (SE) ( 8 ) [a+ eee: 3.292 


= 0.012 16a” 


Using the Distortion-Energy theory 


2 — 00116ia" 


c= (co; — 0,0; + o;) 


30.000 
Solving = ( 


if 
———- = 1607rad/s 
0.01161 


So the inner radius governs andn = 13000rev/min Ans. 


6-18 Fora thin-walled pressure vessel, 


dj = 3.3 — 2(0/065) = 3.37 im 


p(dj +t) 
oo, = ———_ 
2t 
500(3. ’ 
4, = 5008.37 + 0.069) 1591956 
2(0.065) 
op = Ph 5008-37) 4g 35 
At 4(0.065) 


Or = — pj; = —500 psi 
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These are all principal stresses, thus, 
/ 1 2 2 21/2 
o = —~{(13 212 — 6481)° + [6481 — (—500)]° + (—500 — 13 212)*} 
nf 
o’ = 11 876psi 
Sy _ 46 000 _ 46 000 
ao ~— oa’ «11 876 
= 3.87 Ans. 


n= 


6-19 Table A-20 gives Sy as 320 MPa. The maximum significant stress condition occurs at rj 
where 0; = o, = 0, 02 = 0, and 03 = o;. From Eq. (4-50) forr = r; 


2r5Po _ __2(150°) po 
r2—72 150? — 100? 
O =3,6p,=S)= 320 
_ 320 
3.6 


= —3.6)> 


Or = 


De = 88.9MPa Ans. 


6-20 Sy, = 30kpsi, w = 0.260 Ibf/in*, v = 0.211,3 + v = 3.211,1+3v = 1.633. At the inner 
radius, from Prob. 6-17 


Ot 3+ > > I14+3v , 
= o(42) (fen 


Here f — i fe = 9, and so 


260 /3.211 1. 
ot _ 0.260 (=) (so-+9 7 1) — 0.0147 


w 386 8 3.211 


Since o, is of the same sign, we use M2M failure criteria in the first quadrant. From Table 
A-24, Sy; = 31 kpsi, thus, 


0.0147 
rpm = 60w/(27) = 60(1452)/(27) 
= 13 866rev/min 


1/2 
— (sa) = 1452 rad/s 


Using the grade number of 30 for S,,, = 30000 kpsi gives a bursting speed of 13640 rev/min. 


6-21 Tc = (360 — 27)(3) = 1000 lbf- in, Tg = (300 — 50)(4) = 1000 Ibf - in 


y 


223 Ibf 127 Ibf 
B Cc 
A D 
8" 3" 6" 
350 Ibf 


xy plane 
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Inxy plane, Mg = 223(8) = 1784 1bf - in and Mc = 127(6) = 762 Ibf - in. 


387 lbf 


xz plane 


In the xz plane, Mg = 848 lbf- in and Mc = 1686 lbf- in. The resultants are 
Mp = [(1784)* + (848)7]!/2 = 1975 Ibf - in 
Mc = [(1686)* + (762)7]'/7 = 1850 Ibf - in 

So point B governs and the stresses are 

16T — 16(1000) _ 5093 

nd3- 0 otd3 BB] 

_ 32Mp — 32(1975) _ 20120 

— pds ad? 


Then 


1/2 


1 | 20.12 5012" 
OA,OB = -B i + (2) + 0) 


(10.06 + 11.27) i 


a 


10.06 + 11.27. 21.33 
a ~  @B 


kpsi - in 
Then 


kpsi 


0A = 


and 
10.06 — 11.27 21... 
OB = — p => os kpsi 
For this state of stress, use the Brittle-Coulomb-Mohr theory for illustration. Here we use 
Su¢(min) = 25 kpsi, S,-(min) = 97 kpsi, and Eq. (6-315) to arrive at 
21.33 —-1.21 1 
25d3 97d3— 2.8 


Solving givesd = 1.34in. Soused = 13/8in Ans. 


Note that this has been solved as a statics problem. Fatigue will be considered in the next 
chapter. 


6-22 As in Prob. 6-21, we will assume this to be statics problem. Since the proportions are un- 
changed, the bearing reactions will be the same as in Prob. 6-21. Thus 


xy plane: Mz = 223(4) = 892 bf - in 
xz plane: Mz = 106(4) = 424 Ibf - in 


Chapter 6 
So 
Minax = [(892)? + (424)7]!/7 = 988 Ibf - in 
32Mp 32(988) 10060 
= a — psi 


Ox 


md? md? d3 
Since the torsional stress is unchanged, 


Trz = 5.09/d? kpsi 


1/2 
1 10.06 10.06 \? 
OA, OB = (=) -- (=) + 5.0 


o, =12.19/d?> and og = —2.13/d> 

Using the Brittle-Coulomb-Mohr, as was used in Prob. 6-21, gives 
12.19 _ =213. J 
25d? 97d3 2.8 

Solving gives d = 11/8 in. Now compare to Modified I-Mohr theory 


Ans. 
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6-23 (F'4); = 300 cos 20 = 281.9 lbf, (F 4), = 300 sin 20 = 102.6 lbf 
3383 

T = 281.9(12) = 3383 Ibf- in, (Fo), = =~ = 676.6 IbF 
(Fc); = 676.6 tan 20 = 246.3 Ibf 
| 246.3 Ibf 676.6 lbf 
O x O x 

Ry, = 158.1 Ibf Rp. = 807.5 Ibf 
281.9 Ibf 102.6 Ibf 
xy plane xz plane 
Ma = 207 193.72 + 233.52 = 6068 lbf - in 
Mz = 10/246.32 + 676.62 = 72001bf-in (maximum) 
32(7200) 73 340 
Ox = = 
md? ad 
16(3383) 17 230 
ar? nr 
S 
o = (o; cre i = = 
4 71/2 
73 340 43 17 230 _ 79 180 _ 60 000 
d3 d3 a Ln 
d = 1.665 in 


so use a Standard diameter size of 1.75in Ans. 
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6-24 From Prob. 6-23, 


1/2 
73 340\? 17230) é _ 40516 60000 
23 a3 ~—  @ 23.5) 


d= 1.678in souse1.75in Ans. 


6-25 T = (270 — 50)(0.150) = 33N-m, Sy = 370 MPa 
=> 1, =310.6N, 7, =0.15(310.6) = 46.6N 


(T, — 0.157,)(0.125) = 33 
(T; + T)) cos 45 = 252.6N 


107.0N 252.6 N 


y 


163.4N 252.6N 89.2N 300 5 
a 300 |A 400 150 7 
C : 174.4N 


B 


xy plane 


Ma = 0.3¥V 163.42 + 1077 = 58.59N-m (maximum) 


Mz = 0.15,/89.22 + 174.42 = 29.38N-m 
__ 32(58.59) 596.8 


me ae 
16(33) 168.1 
i me awe 


1/2 6 
ee 21/2 | (596.8\* 168.1\7 | 664.0 _ 370(10°) 
o = (6, +3,) = ( B +3 re ge 


d = 17.5(10-*)m=17.5mm, souse18mm_ Ans. 


6-26 From Prob. 6-25, 


(208); Fi es) 342.5 _ 370(10°) 
2d? a — de 203.0) 


d = 17.7(110-*7)m=17.7mm, souse18mm_ Ans. 


Chapter 6 169 


6-27 For the loading scheme shown in Figure (c), 


Vv 
F b 4.4 | | 
Mnax = (5 ) = ,) (6+ 4.5) 


=o a 
—23.1N-m — 
For a stress element at A: B 
_ 32M _ 32(23.1)(10°) : 


= 136.2 MPa . 


Ox 


md? (12) 
The shear at C is 


_ ACF/2) _ 4(4.4/2)(103) 
oY = 37 d2/4  3n(12)2/4 


B62)" 
Tmax = (8) | = 68.1 MPa 


Since Sy = 220 MPa, S,y = 220/2 = 110 MPa, and 


= 25.94 MPa 


Sa 106 
ee eee ee 
MOS eas Be a 


For the loading scheme depicted in Figure (d) 


F (a+b F(\\ (b\* F(ab 
Mmax = =: = + 
Z\ 3 2°2I\3 TO” A 


This result is the same as that obtained for Figure (c). At point B, we also have a surface 
compression of 


—-F -—F —4,4(103) 
Oy = — = 


A bd 18(12) 
With o, = —136.2 MPa. From a Mohrs circle diagram, Tmax = 136.2/2 = 68.1 MPa. 


110 
n = ——=1.62MPa Ans. 
68.1 


= —20.4 MPa 


6-28 Based on Figure (c) and using Eq. (6-15) 


ae (02)'/° 
= (136.27)!/* = 136.2 MPa 
S » 
a ane Ans. 


o 1362 
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Based on Figure (d) and using Eq. (6-15) and the solution of Prob. 6-27, 
o' = (of — oxoy + oy? 


= [(—136.2)* — (—136.2)(—20.4) + (—20.4)7]!/7 


= 127.2 MPa 
S 22 
n= = = ae = 1.73 Ans. 
o’ 127.2 


6-29 
When the ring is set, the hoop tension in the ring is 
equal to the screw tension. 

dF 


2 2 

2 Ve Di r 

a Or = : 1 — 

f a 72 = 7? ( rn 


jae 


We have the hoop tension at any radius. The differential hoop tension d F is 


dF = wo; dr 

To wr? p; 7 2 
F=f wor dr = SLPS f (14%) ar = wns (1) 

rj lo V7 dr; r 

The screw equation is 
‘a 
Fj =—— (2) 
0.2d 


From Eqs. (1) and (2) 


p,r,d0 F T 
Pi = = 
DB oe ' Wri 0.2dwr; 
a Le dF = fpr; de 


a 2 2 
IT T IT 
Fy, = fpiwr, dd = es | dé 
oO 


i 0.2dwr; ” 
2 
— aT Ans. 
0.2d 
6-30 
(a) From Prob. 6-29, T =0.2F;d 
T 190 


F; = 3800 lbf Ans. 


~ 0.2d  0.2(0.25) 
(b) From Prob. 6-29,  F = wr; pj 
iF F; 3800 


eae ape O55) 


= 15200psi Ans. 


Chapter 6 171 


2p. 2 i r2 a r2 
(c) Oo; = PL (1+) = Piri +70) ro) 
ae! eI a cee taal’ £ 
15 200(0.57 + 1? 
= ( ae = 25333 psi Ans. 
1? — 0.52 


Or = —- Pi = —15 200 psi 

O71 — 03 = O;7 — O+ 

(d) Ue ee 
__ 25333 — (—15 200) 


2 


= 20267 psi Ans. 


1/2 


o’ = (04 + OR = oAoB) 


= [25 3337 + (—15 200)? — 25 333(—15 200)]'/” 
= 35466psi Ans. 

(e) Maximum Shear hypothesis 

Ssy 0.58) _ 0,5(63) 


n= = = 1.55 Ans. 
Tmax Triax 20.267 
Distortion Energy theory 
S 63 
n= — = —— =1.78 Ans. 
' 35 466 


6-31 

The moment about the center caused by force F 
is Fre where re is the effective radius. This is 
balanced by the moment about the center 
caused by the tangential (hoop) stress. 


lo 
Fre= f ro;w dr 
Tr 
2 r, 2 
wil: ° r 
— 5 5 | r+ 2 dr 
ToT JH r 


2 2_ 2 
wpir; ro — 1; oe a 
re = —— 1 [2 +r? in 
c rt ( 2 e ) 


i 


From Prob. 6-29, F = wr; p;. Therefore, 


2 2 
Tj rr =F; To 
ee 5) g : +r2in— 
C7 2 rj 


For the conditions of Prob. 6-29,7; = 0.5 andr, = lin 


0.5 1? — 0.5? 
1? — 0.52 2 


1 
ae] in 5) = 0.712 in 


re = 
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6-32 dnom = 0.0005 in 
(a) From Eq. (4-60) 


a 30(10°)(0.0005) ie — 1*)(1? — 0.57) 


= 3516 psi Ans. 
1 2(12)(1.52 — 0.52) ee 


Inner member: 


Ree 12 + 0.52 
Eq. (4-57) (0); = —p Th 556 (ss) = —5860 psi 


R2= ie 12 — 0.52 
(o,); = —p = —3516 psi 
Eq. (6-13) O; — (o7 —ao,gopt ey 


= [(—5860)? — (—5860)(—3516) + (—3516)7]!/ 
=5110psi_ Ans. 


Outer member: 
13°41 
[s-72 =) = 9142 psi 


(07)o = —p = —3516 psi 


Eq. (4-58) (0;)o = 3516 ( 


Eq. (6-13) ao! = [91427 — 9142(—3516) + (—3516)7]!” 
= 11320 psi. Ans. 


(b) For a solid inner tube, 


p= — a So = 4167 psi Ans. 
(o;); = —p = —4167 psi, (0,); = —4167 psi 

oj; = [(—4167)? — (—4167)(—4167) + (—4167)"]' = 4167 psi Ans. 
1.5°+ 1? 


(Or)o = 4167 Goes 


) = 10830 psi, (0;)> = —4167 psi 


ao = [10830" — 10830(—4167) + (—4167)7]'/* = 13410 psi Ans. 


6-33 Using Eq. (4-60) with diametral values, 


oe 207(10°)(0.02) [Ss — 50*)(50? — 257) 


= 19.41 MPa Ans. 
50 2(502)(752 — 252) oe 


50? + 252 
502 — 252 
(c,); = —19.41 MPa 


Eq. (4-57) (o,); = = 19.41 ( ) = —32.35 MPa 


Eq. (6-13) oa} = [(—32.35)* — (—32.35)(—19.41) + (-19.41)?]!7 
= 28.20 MPa Ans. 
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75° + 50? 
752 — 502 
(o,)o = —19.41 MPa 

o} = [50.477 — 50.47(—19.41) + (—19.41)7]'/? = 62.48 MPa Ans. 


Eq. (4-58) (61)o = 19.41 ( ) = 50.47 MPa, 


6-34 
i 1. 
6= sid am 0.0004 in 
ji 2 
Eq. (4-59) 
pd) [27+ pil) f17+0 
0.0004 = 0.211 — 0.292 
14.5(10°) E 2 = 30(10°) | 12 —0 
p = 2613 psi 


Applying Eq. (4-58) at R, 
2? 41? 
(Or)o = 2613 2 _ 2 = 4355 psi 
(07)o = —2613 psi, Sy; = 20kpsi, S,- = 83 kpsi 


Eq. (6-33b) n(4355)  [—2613n + 20000]? _ 
i 20.000 20000 — 83000 | 


n=4.52 Ans. 


6-35 E = 30(10°) psi, v = 0.292, I = (1 /64)(2* — 1.5*) = 0.5369 in* 


Eq. (4-60) can be written in terms of diameters, 


Ebq |e =) (pe sa] __ 30(10°) 


p= 


a 2 2_ 4 «2 
(0.00246) [S 1.75°)(1.75° — 1.5 J 


“D | 2D2(d2 = d?) 1.75 2(1.752)(2? — 1.5?) 
= 2997 psi = 2.997 kpsi 

Outer member: 

__ 1.75?(2.997) 


Outer radius: (O4)o = mas = 19.58 kpsi, (o-)> = 0 
Inner radius: (o;); = oS ( 4 = 22.58 kpsi, (o,); = —2.997 kpsi 
Bending: 

To: (Ox)o = a = 11.18 kpsi 

ri: (Ox)i = EE = 9.78 kpsi 


0.5369 
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Torsion: J = 21 = 1.0738 in* 
8.000(2/2) ; 
To: (Txy)o = 1.0738 = 7.45 kpsi 
8.000(1.75/2) : 
i :=—___,,,  =S22k 
r (Try) 1.0738 6.52 kpsi 


Outer radius is plane stress 


ox, =11.18kpsi, oy =19.58kpsi, tyy = 7.45 kpsi 


S, 60 
Eg. (6-15)  o/ = [11.187 — (11.18)(19.58) + 19.58? + 3(7.457)]'? = ~ = — 
60 
21.35=— => no =2.81 Ans. 
No 


Inner radius, 3D state of stress ‘| 
—2.997 kpsi 


From Eq. (6-14) with ty, = Tt, = 0 


1 
o/ = me — 22.58)? + (22.58 + 2.997)? + (—2.997 — 9.78)? + 6(6.52)7]!/? = — 


2486=— => nj, =2.41 Ans. 


60 


i 


6-36 


From Prob. 6-35: p = 2.997 kpsi, J = 0.5369 in’, J = 1.0738 in* 


Inner member: 


(0.875 + 0.757) 
Outer radius: (Or)o = —2.997 ee = —19.60 kpsi 
(0;)o = —2.997 kpsi 
2(2.997) (0.8757 
Inner radius: (o;); = — ( i ) = —22.59 kpsi 
0.8752 — 0.752 
(o,); =0 
Bending: 
6(0.875) . 
i (Oy )o = 0.5369 = 9.78 kpsi 
6(0.75 
rs ( = 8.38 kpsi 


onal =F) 5560 
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Torsion: 
8(0.875) : 
To: (Try Jo = 1.0738 = 6.52 kpsi 
8(0.75) ; 
i c= = 5.59 k 
r (Try 1.0738 5.59 kpsi 


The inner radius is in plane stress: 0, = 8.38 kpsi, oy = —22.59 kpsi, tyy = 5.59 kpsi 
oa} = [8.387 — (8.38)(—22.59) + (—22.59)* + 3(5.597)]'/? = 29.4 kpsi 


Outer radius experiences a radial stress, o, 


1 
== [(—19.60 + 2.997)? + (—2.997 — 9.78)? + (9.78 + 19.60)? + 6(6.52)7]/” 
= 27.9 kpsi 
60 
Ng = =~ =2.15 Ans 
27.9 


6-37 


(2 K; con’) ( Kr .6 6. “vy 
0, = = _ sin — COS — SIN — 
PUN Par 2 Jinr 2-2 2 


K f) 36 \ 1/2 
es cos = (si? ~ cos* — sin” + sin* — cos” — cos >) 
/2nr 2 2 


Gi (c 0 cs 0. >) Ky 0 (: ios 5) 
= ——— (cos — +cos — sin = cos sin — 
nr 2 2. 2 nr 2 2 


Plane stress: The third principal stress is zero and 


Ky 0 (1 LG 5) Gi 0 (1 ; 5) 0 A 
oj= cos = sin=], o2= cos = —sin=], 0o3= ns. 
Pip 2 2 a Sony 2 : 


Plane strain: 0, and oz equations still valid however, 


6 
cos— Ans. 


Ky 
03 = v(oy + oy) = 2v 
7 : /2mr 
6-38 For @ = 0 and plane strain, the principal stress equations of Prob. 6-37 give 
Ki Ki 


0; = 02 => 3 03 = 2v 


= 2v0 
2mr J 20r 
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1 
(a) DE: wri — 01)? + (a — 2v01)? + (2v01 — 9})"]' = Sy 
0, — 2vo0, = Sy 


1 1 
For v = 3° [ —2 ()| o)=Sy => 0, =3Sy Ans. 


3 
(b) MSS: 0,—-03=Sy => o,—2vo,=S8y 
1 
= => o,=3S, Ans. 
2 
03 = 371 


Radius of largest circle 


1 2, O71 
R=-—)]o,;- =o; — 
2 3 6 


6-39 (a) Ignoring stress concentration 


F = SA = 160(4)(0.5) = 320 kips Ans. 


(b) From Fig. 6-36: h/b = 1, a/b = 0.625/4 = 0.1563, B = 1.3 
F 
Eq. (6-51) = 1,5 J 7(0.625) 
4(0.5) 
= 16.9 kips Ans, 


6-40 Given: a = 12.5 mm, K;, = 80 MPa- ./m, Sy = 1200 MPa, Sy; = 1350 MPa 


350 — 
To = — = 175mm, 7; = etsy = 150 mm 
2 2 
12.5 
—r;) = ——— = 0.5 
Mo — ti) = Tas 750 
150 
F = — = 0.857 
ril?o = 75 
Fig. 6-40: pe25 
Eq. (6-51): Kic = BoV/na 


80 = 2.50 /2(0.0125) 


o = 161.5 MPa 
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Eq. (4-51) at r = Tro: 


1507 p;(2) 
1752 — 150? 
Pi = 29.2 MPa Ans. 


161.3 = 


6-41 


(a) First convert the data to radial dimensions to agree with the formulations of Fig. 4-25. 
Thus 
To = 0.5625 + 0.001 in 


r= 0.1875 2: 0001 m 
Ry = 0.375 = 0.0002 mi 
R; = 0.376 + 0.0002 in 


The stochastic nature of the dimensions affects the 6 = |R;| —|R,| relation in 
Eq. (4-60) but not the others. Set R = (1/2)( Rj + Ro) = 0.3755. From Eq. (4-60) 


ree coal) 


R 2R2 (r2 _ r?) 


Substituting and solving with E = 30 Mpsi gives 


p = 18.70(10°) 6 
Since 6 = R; — R, 


5 = R; — R, = 0.376 — 0.375 = 0.001 in 


1/2 
0.0002 a 0.0002\2] 
4 4 
0 


00 070 7 in 


and 


= 0. 
Then 
63 _ 0.0000707 
6 ~——~0.001 


The tangential inner-cylinder stress at the shrink-fit surface is given by 


Cy= = 0.0707 


oir = —P=— 


0.37552 + 0.18752 
= —18.70(10°) 6 ( = ) 


0.37552 — 0.18752 
= —31.1(10°) 6 

Gi, = —31.1(10°) 6 = —31.1(10°)(0.001) 
= —31.1(10%) psi 
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Also 
Gz,, = |CsGi;| = 0.0707(—31.1)10° 
= 2899 psi 
0; = N(—31 100, 2899) psi Ans. 


(b) The tangential stress for the outer cylinder at the shrink-fit surface is given by 


(7+ R? 
Oo7r = Pp 72 — R2 


= 18.70(10°) 6 ( 


0.56257 + 0.37557 
0.56252 — 0.37552 


= 48.76(10°) & psi 
Sor = 48.76(10°)(0.001) = 48.76(10°) psi 
Go, = CsGor = 0.0707(48.76)(10°) = 34.45 psi 
". Got = N(48 760, 3445) psi Ans. 


6-42 From Prob. 6-41, at the fit surface o,; = N(48.8, 3.45) kpsi. The radial stress is the fit 
pressure which was found to be 


p = 18.70(10°) 8 
p = 18.70(10°)(0.001) = 18.7(10°) psi 
6p = Cs p = 0.0707(18.70)( 10°) 
= 1322 psi 
and so 
p = N(18.7, 1.32) kpsi 
and 
Oor = —N(18.7, 1.32) kpsi 
These represent the principal stresses. The von Mises stress is next assessed. 
o4 = 48.8 kpsi, og = —18.7 kpsi 
k =op/o4 = —18.7/48.8 = —0.383 
a’ =a4(1—k +k)? 
= 48.8[1 — (—0.383) + (—0.383)7]!/ 
= 60.4 kpsi 
Go! = Cpa’ = 0.0707(60.4) = 4.27 kpsi 
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Using the interference equation 
S—6' 
(65 +63)" 
95.5 — 60.4 


~~ [(6.59)2 + (4.27)2]1/2 = 


pr = a = 0.000 003 40, 


= 


or about 3 chances ina million. Ans. 


6-43 
_ pd _ 6000N(1, 0.083 33)(0.75) 
a ae 2(0.125) 
— 18N(1, 0.083 33) kpsi 
pd 6000N(1, 0.083 33)(0.75) 
0) — ta a7 


At 4(0.125) 
= 9N(1, 0.083 33) kpsi 
0, = —p = —6000N(1, 0.083 33) kpsi 


These three stresses are principal stresses whose variability is due to the loading. From 
Eq. (6-12), we find the von Mises stress to be 


os ([“s — 9)? + [9 — (-6)? + (-6 — wy 


2 
= 21.0 kpsi 
Gg:=C,0° = 0.083 3321.0) = 1.75 kpsi 
S—a' 
a RINE 
(55 ar 65) 
50 — 21.0 


(4.12 + 1.752)!/2 


The reliability is very high 
R=1-— (6.5) = 1—4.02(10°''!) = 1. Ans. 
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7-1 Hz = 490 

Eq. (3-17): Sut = 0.495(490) = 242.6 kpsi > 212 kpsi 

Eq. (7-8): S’ = 107 kpsi 

Table 7-4: a= 1.34, b=W—0.085 

Eq. (7-18): ka = 1.34(242.6)~ °° = 0.840 

Eq. (7-19): kp = ( —— = 1.05 

q. (7-19) b ( 03 ) 

Eq. (7-17): Se = kakpS!, = 0.840(1.05)(107) = 94.4 kpsi Ans. 

72 


(a) Sur = 68 kpsi, S, = 0.495(68) = 33.7 kpsi_ Ans. 


(b) Sy; = 112 kpsi, S, = 0.495(112) = 55.4 kpsi 


Ans. 


(c) 2024T3 has no endurance limit Ans. 


(d) Eq. (3-17): S) = 107 kpsi_ Ans. 


7-3 
on = oe™ = 115(0.90)°”* = 112.4 kpsi 
Eq. (7-8): S! = 0.504(66.2) = 33.4 kpsi 
log(112.4/33.4 
Eq. (7-11): JUTE pase 
log(2 - 10°) 
112.4 
Eq. (7-9): = ———(2- 107) 0-83 4 — 9.8991 
q. (7-9) ‘i 56 ( ) 
[0.899 1(66.2)]* 
Eq. (7-13): = = 106.1k 
or) 33.4 Pe 
Eq. (7-12): Sp = aN? = 106.1(12 500)~°°8 4 — 48.2 kpsi_ Ans. 
. Oa \/b 36 \—1/0.083 64 
Eq. (7-15); N= (—) 7 (ser) — 409530 cycles Ans. 
7-4 From S¢ = aN” 


Substituting (1, Sys) 


From which 


log Sf = loga + blog N 


log Sy; = loga + blog (1) 


a= Sut 


Chapier 7 


Substituting (10°, fS,;) anda = Sy; 
log f Sur = log Sur + b log 10° 


From which 


1 
b=-1 
3 loss 


“Sp = SuwNO8PDB 1<N <10° 
For 500 cycles as in Prob. 7-3 


500S¢ > 66.2(500)78°8)/3 — 60.2kpsi Ans. 
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7-5 


Read from graph: (10°, 90) and (10°, 50). From S = aN? 
log S; = loga+ blog N; 
log S. = loga + blog N2 

From which 

log S; log Nz — log Sz log N, 
~ log No/ Nj 

log 90 log 10° — log 50 log 103 
log 106/103 


loga 


— 2.2095 
a — 1084 — 102-20 — 162.0 


loz 50/90 
Re cee ~ —0,08509 


(S54 = 162-79) 10° < N < 10° inkpsi Ans. 
i; p 


Check: 
10'S )ae = 162010 = 90 Iepsi 


10°(S) a: = 162010") = 50 ips 


The end points agree. 


7-6 


Eq. (7-8): S’ = 0.504(710) = 357.8 MPa 
Table 7-4: a=4.51, b=-—0.265 
Eq. (7-18): ka = 4.51(710)-° = 0.792 
d —0.107 32 —0.107 
Eq. (7-19): kp = (| — = ( —— = 0.858 
ot) e (5) (=) 


Eq. (7-17): Se = kakpS, = 0.792(0.858)(357.8) = 243 MPa Ans. 
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7-7 For AISI 4340 as forged steel, 


Eq. (7-8): Se = 107 kpsi 

Table 7-4: a=39.9, b=-—0.995 

Eq. (7-18): ka = 39.9(260)-° = 0.158 
0.75\ 70-107 

Eq. (7-19): — (sa) = 0.907 


Each of the other Marin factors is unity. 
Se = 0.158(0.907)(107) = 15.3 kpsi 
For AISI 1040: 
S’, = 0.504(113) = 57.0 kpsi 
kg= 39913) 8" 0 362 
kp = 0.907 (same as 4340) 
Each of the other Marin factors is unity. 
Se = 0.362(0.907)(57.2) = 18.7 kpsi 


Not only is AISI 1040 steel a contender, it has a superior endurance strength. Can you see 
why? 


7-8 

2.5 mm (a) For an AISI 1018 CD-machined steel, the strengths are 

ire ' | Z _ 440 _ 
Ee esa q. (3-17): Sur =440MPa => ApZp= cay 129 
to Sy = 370 MPa 
Ssy = 0.67(440) = 295 MPa 
Fig. A-15-15: Poe a2 = 0.125, = = = =12), Ag =14 
d 20 d 20 

Fig. 7-21: qs = 0.94 
Eq. (7-31): Krs = 1+ 0.94(1.4 — 1) = 1.376 


For a purely reversing torque of 200 N -m 

Krs16T — 1.376(16)(200 x 10° N- mm) 
7 an zt(20 mm)? 

Tmax = 175.2 MPa = Tg 


Tmax = 


S, = 0.504(440) = 222 MPa 


The Marin factors are 
kq = 4.51(440)~°7 = 0.899 


20 \ 70-107 
ky =|— = 0.902 


keSO050 kpel; AH 
Eq. (7-17): Se = 0.899(0.902)(0.59)(222) = 106.2 MPa 


Chapter 7 183 


[0.9(295) 2 
: - i = Ch = 4 
Eg. (7-13) a3 66 
1 0,9(295) 
Eq. (7-14): hele S199 65 
al) 3 8 106.2 
175.2\ 1/-0.13265 
Eq. (7-15): ca 
ary) ( 664 ) 


N = 23000 cycles Ans. 


(b) For an operating temperature of 450°C, the temperature modification factor, from 
Table 7-6, is 


ka = 0.843 
Thus S. = 0.899(0.902)(0.59)(0.843)(222) = 89.5 MPa 
[0.9(295) 
ae EEE as 

ss 89.5 
1 0,9(295) 

nee =a 15741 
3 98 99.5 


175.2 1/—0.15741 
N=(—— 
a) 


N = 14100 cycles Ans. 


t, n= 15 


F=+1kN 
= ca fa a 0.9 


we N = 10* cycles 


For AISI 1045 HR steel, S,; = 570 MPa and S, = 310 MPa 
S, = 0.504(570 MPa) = 287.3 MPa 


Find an initial guess based on yielding: 
Mc | M(b/2) _ 6M 


Oe PE = Gea, Be 
Mmax = (1 KN)(800 mm) = 800 N-m 


Sy 6(800 x 107 N-mm) 310 N/mm? 
Omax = — Ss 
n b3 13 
b = 28.5 mm 
Eq. (7-24): d. = 0.808b 
0.808b\ 
Eq. (7-19): k, = = 1,2714p-°107 
asl?) " ( 7.62 ) 


ky = 0.888 
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The remaining Marin factors are 
ka = 57.737) "= 0,606 
kom ka =ke=kp=1 


Eq. (7-17): S. = 0.606(0.888)(287.3 MPa) = 154.6 MPa 
0.9(570)]? 
Eq. (7-13): f= EO = 
154.6 
1. 0.9(570) 
Ea. (7-14): b=-—--]1 ———. = — 0.173 64 
oe 3 8 754.6 
Eq. (7-12): Sp = aN? = 1702[(10*)-°!3] — 343.9 MPa 
Ss § 
a. of oS 
Oa n 
6(800 x 10°) 343.9 
a ee b = 27.6 mm 


Check values for kp, Se, etc. 
kp = 1.2714(27.6) 9!” = 0.891 

Se = 0.606(0.891)(287.3) = 155.1 MPa 
_ [0.9(570)]? 

155.1 

b= ge log oe) = —0.17317 

3 155.1 

Sp = 1697[(10*)~°179 17] = 344.4 MPa 


6(800 x 10) 344.4 


b3 1.5 
b=27.5 mm _ Ans. 


= 1697 


7-10 
10> Ke 
F 12 F. 
<> 60 4 —<—= 
| 1018 

Table A-20: Su: = 440 MPa, S, = 370 MPa 
S! = 0.504(440) = 221.8 MPa 

Table 7-4: ka = 4.51(440)~°-26 = 0.899 
kp = 1 (axial loading) 

Eq. (7-25): k. = 0.85 


Se = 0.899(1)(0.85)(221.8) = 169.5 MPa 
Table A-15-1: d/w =12/60=0.2, K,=2.5 
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From Eq. (7-35) and Table 7-8 
K, = Ki _ 2.5 oe 
1+ (2//r) (Ki—-D/KrlVa 1+ (2/6) (2.5 — 1)/2.5](174/440) 
Fy S 2.09 Fy 169.5 
oe ie ny 1060-12) 1.8 
Fy = 21630N =21.6kN Ans. 
MO cy: pe 
A ny 10(60—12) 1.8 
F, = 98667 N =98.7kN Ans. 


Largest force amplitude is 21.6 kN. Ans. 


7-11 A priori design decisions: 
The design decision will be: d 
Material and condition: 1095 HR and from Table A-20 S,; = 120, S, = 66 kpsi. 
Design factor: ng = 1.6 per problem statement. 
Life: (1150)(3) = 3450 cycles 
Function: carry 10 000 Ibf load 
Preliminaries to iterative solution: 


S’ = 0.504(120) = 60.5 kpsi 
kq = 2.70(120)~°76 = 0.759 


I a 
tae. ogi it 
Cc 32 


6 
Mccrit.) (=) (10000)(12) = 30000 Ibf - in 


The critical location is in the middle of the shaft at the shoulder. From Fig. A-15-9: D/d = 
1.5, r/d =0.10, and K; = 1.68. With no direct information concerning f, use f = 0.9. 


For an initial trial, set d = 2.00 in 


2.00\ 70-107 
kp = ( ) = 0.816 


0.30 
Se = 0.759(0.816)(60.5) = 37.5 kpsi 
[0.9(120) 
= ———— =311.0 
37.5 
1 0.9(120 
b = —— log _ = —0.1531 
3 37.5 


Sp = 311.0(3450)~°13! = 89.3 
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M 30 305.6 
090 = = — 
I/c 0.098 17d3 d3 
305.6 
=> = 38.2 kpsi 
aq 2 
=—=—=(02 
'=79 0° 
1.68 
Kr = = 1.584 
ae (2/V0.2) [(1.68 — 1)/1.68](4/120) 
Eq. (7-37): 
(Kp) = 1 — (1.584 — 1)[0.18 — 0.43(10~7)120 + 0.45(10-°) 1207] 
= 1.158 
Eq. (7-38): 
(hy = Keieg = 1158* 345) ~(1/3) loa -158/1.584) 
f 1.584 
= 1.225 
305.6 
09 = 33: 38.2 kpsi 


Og = (Kf) nNO0 = 1.225(38.2) = 46.8 kpsi 
ee (Sp)3450 _ 89.3 
I~ "Go, 468 


The design is satisfactory. Reducing the diameter will reduce n, but the resulting preferred 
size will be d = 2.00 in. 
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7-12 
o! =172MPa, of, = V3t%m = V3(103) = 178.4 MPa 
Sy 413 
Yield: 172+ 178.4 = 2 = — ny =1.18 Ans. 
hy — thy 


(a) Modified Goodman, Table 7-9 
1 
nf SS eee 
(172/276) + (178.4/551) 
(b) Gerber, Table 7-10 


17-551 \° 7172 pe 2(178.4)(276) ]7 ‘ae. 2 
nr= = ———— = |. ns. 
f~9\178.4) \276 551(172) 

(c) ASME-Elliptic, Table 7-11 


I 1/2 
_ = 439 Ans. 
"f aaa de mena | - 


= 1.06 Ans. 
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7-13 
o/ = 69MPa,  o/, = V3(138) = 239 MPa 
413 
Yield: 69+ 239=— => ny =1.34 Ans. 
Ny 
(a) Modified Goodman, Table 7-9 
1 
— —___________=146 Ans. 
"I ~ (69/276) + (239/551) 7 
(b) Gerber, Table 7-10 
1/551 \" 7 © pe dacs 2(239)(276) |? ‘ae A 
ne = —-{ — 22 = ——————— = |. ns. 
£9 \3390) \276 551(69) * 
(c) ASME-Elliptic, Table 7-11 
1 1/2 
= = 1.59 Ans. 
"f camer ca | ve 
7-14 
of) =,/02 4312 = /832 + 3(692) = 145.5 MPa, of, = V3(103) = 178.4 MPa 
413 
Yield: 145.54+1784=— => ny=1.28 Ans. 
ny . 
(a) Modified Goodman, Table 7-9 
: 118 A 
;  — ae - 
! * (145.5/276) + (178.4/551) ” 
(b) Gerber, Table 7-10 
1 ( 551 \* (145.5 ie 2(178.4)(276) |” ia: A 
n _- — = —_ — S000 ooo = . ry 
I 9\1784) \ 276 551(145.5) = 
(c) ASME-Elliptic, Table 7-11 
1 1/2 
_ = 1.47 Ans. 
oe  cassmorcaneans| - 
7-15 
o| = V3(207) = 358.5MPa, a), =0 
413 
Yield: 23.0 =—— = nye lls Ans: 


Ny 
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(a) Modified Goodman, Table 7-9 
1 
np = 
(358.5/276) 
(b) Gerber criterion of Table 7-10 does not work; therefore use Eq. (7-50). 
Oa _ Se 276 


ays. TNS S586 ~ 


=(.77 Ans. 


(c) ASME-Elliptic, Table 7-11 


Hl 2 
Mf / (ssa) i 


Let f = 0.9 to assess the cycles to failure by fatigue 
[0.9(551)/? 
64> —__ 


Eq. (7-13): = 891.0 MP 
q. (7-13) 16 891.0 a 
1. 0.9(551) 
Eq. (7-14): b=--1 = —0.084 828 
Et) 5 976 
358.5 —1/0.084 828 
Eq. (7-15): N= (=) = 45800 cycles Ans. 
7-16 
o/ = /3(103) = 178.4 MPa, o/, = 103 MPa 
413 
Yield: 1/34 103 = — =} #y= 147 Ans. 
ny . 


7-17 


(a) Modified Goodman, Table 7-9 
1 
"! ~ (178 .4/276) + (103/551) 
(b) Gerber, Table 7-10 


> 2 
764) (174) Ge 1+ |S aee = 1.44 Ans. 


= 1.20 Ans. 


"f= 9\103) \ 276 551(178.4) 
(c) ASME-Elliptic, Table 7-11 
I 1/2 
nf = = 1.44 Ans. 
(178.4/276)2 + (103/413y2 


Table A-20: Sut = 64 kpsi, Sy = 54 kpsi 


A = 0.375(1 — 0.25) = 0.2813 in? 


Fax 3000 |. 
= = (1073) = 10.67 kpsi 
A 0.2813 


Omax 
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54 
hy = = 5.06 Ans. 
10.67 


S!, = 0.504(64) = 32.3 kpsi 

ka = 2.70(64)~°7 = 0.897 

kp = 1, ke = 0.85 

Se = 0.897(1)(0.85)(32.3) = 24.6 kpsi 


Table A-15-1: w= 1in,d = 1/4in, d/w=0.25 ..K; = 2.45. From Eq. (7-35) and 
Table 7-8 


2.45 
Ky = ————— So —_ = 1.4 
"1+ (2//0.125) [(2.45 — 1)/2.45](5/64) 
= Frnax ai Fain 
re Se 2A 
3.000 — 0.800 
= 1,94 |__| — 7,59 kpsi 
| 2(0.2813) | ie 
Pax + Fn 
= 
ao ay 
3.000 + 0.800 
=104)— | a3 esi 
2(0.2813) 
Oa 7.59 
(ee aay ee 
(a) DE-Gerber, Table 7-10 
5792(642 2(24. 2 
pg OTTO | ee ena ee 
2(24.6) 0.579(64) 
is: 
Sm = Sa = Eee z = 32.0 kpsi 
r 0.579 
17 6h 77. 2(13.1)(24.6) \” 
np=r ial 759 =] ./1-- 213.1) 24.6) 
2\ 13.1 24.6 7.59(64) 
=2.44 Ans. 
(b) DE-Elliptic, Table 7-11 
(0.5792)(24.62)(542) 
i= = 19.33k 
/ 24.62 + (0.5792)(542) ia 


Sa 19.33 . 
Po aL 
aaa a a 


m 
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Table 7-16 


1 
= = 955° Ans. 
"y / (7.59/24.6)2 + (13.1/54)2 = 


7-18 Referring to the solution of Prob. 7-17, for load fluctuations of —800 to 3000 lbf 
3.000 — (—0.800) 


Ca) | eaten aaa By 
2(0.2813) 
3.000 + (—0.800) . 
= ha ~7.59k 
‘si | 2(0.2813) a 
13.1 
pote a1 
Om 7.60 


(a) Table 7-10, DE-Gerber 


1 / 64 \? (13.1 2(7.59) (24.6) \” 
= =3 (a eee — 1.79 Ans. 
~ 5 (<5) (=) +f +( 64(13.1) ) iD an 


(b) Table 7-11, DE-Elliptic 


1 
= = 182 Ans. 
"S / (13.1/24.6)2 + (7.59/54)? = 


7-19 Referring to the solution of Prob. 7-17, for load fluctuations of 800 to —3000 lbf 
0.800 — (—3.000) 


Oq = 1.94 | ——____—_—__| = 13.1 kpsi 
2(0.2813) 
0.800 + (—3.000 
Om = 1.94 um ) = —7.59 kpsi 
2(0.2813) 
13.1 
aoe ie 
On —7.59 
(a) We have a compressive midrange stress for which the failure locus is horizontal at the 
Se level. 
S 24.6 
np = — =—— = 1.88 Ans. 
Oa 13.1 
(b) Same as (a) 
Se 24.6 
nf a Bl 88 Ans 
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7-20 
Sut = 0.495(380) = 188.1 kpsi 


S! = 0.504(188.1) = 94.8 kpsi 
kq = 14.4(188.1)~°-718 = 0.335 


For a non-rotating round bar in bending, Eq. (7-23) gives: de = 0.370d = 0.370(3/8) = 


0.1388 in 
4 —0.107 
i= eel = 1.086 
0.3 
Se = 0.335(1.086)(94.8) = 34.49 kpsi 
aU = 15 Oe ee 
k= =I), f= le = 22.5 Ibt 


32Mm _ 32(22.5)(16) 
md3) st (0.3753) 
32(7.5)(16) 
0g = Janse 
(0.3753) 
_ 23.18 


(a) Modified Goodman, Table 7-9 


(1077) = 69.54 kpsi 


Om = 


(10-3) = 23.18 kpsi 


1 


a 
"S ~ (93.18/34.49) + (69.54/188.1) 
Since finite failure is predicted, proceed to calculate N 
Eq. (7-10): oO, = 188.1 +50 = 238.1 kpsi 
log(238.1/34.49) 
Eq. (7-11): jee a ais 
ai) log(2 - 10%) 
238.1 
Ea. -Q): wo {Oe A 1 
q. (7-9) f= Fyq@- 10 0.460 
[0.4601(188.1)]? 
Eq. (7-13): = = 217.16 k 
i) 34.49 ae 
Oa Om Oa 23.18 : 
A Gee ee ee 
Sa 7 f= Tm /Sur) 1 — (69.54/188.1) as 


Eq. (7-15) with og = S¢ 


_ (36.78 


1/—0.133 13 
a = 62 les Ans. 
(a) 620000 cycles Ans 
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(b) Gerber, Table 7-10 


1 (188.1\* (23.18 2(69.54)(34.49) ; 
np = -14+,/1+ 
2 \ 69.54 34.49 188.1(23.18) 


= 1.20 Thus, infinite life is predicted (NV > 10° cycles). Ans. 


7-21 
1 3 4 
(a) I = 55(18)(3") = 40.5 mm 
__ FP _ pa 3Ely 
> BET ~"B 


Be 3(207)(10°)(40.5)(107!7)(2)(1073) 
a (1003)(10-9) 


=50.3N_ Ans. 


6 
Finax = 3690.3) = 150.9 .N Ans. 


101.5 mm if 
M =0.101ISFN-m 
A = 3(18) = 54 mm? 
M |r 


h 3 
~ In(ro/r:)  In(6/3) 
r= 4.5mm, ¢=re—ry = 4.5 — 4.3281 = 0.1719 mm 

Mc F __(0.1015F)(1.5—0.1719) _ F 


= 4.3281 mm 


Curved beam: Ty 


tae A «CSAOATINGO A 
Mc, F  (O.1015F)(1.5+0.1719) F 

Oo = a = ST = = 3008 MPa 
(63) min = —4.859(150.9) = —733.2 MPa 
(03) max = —4.859(50.3) = —244.4 MPa 
(oy) max = 3.028(150.9) = 456.9 MPa 
(oy) min = 3.028(50.3) = 152.3 MPa 

Eq. (3-17) Sut = 3.41(490) = 1671 MPa 


Per the problem statement, estimate the yield as S, =0.9S,; = 0.9(1671) = 
1504 MPa. Then from Eq. (7-8), S) = 740 MPa; Eq. (7-18), ka = 1.58(1671)~°° = 
0.841; Eg. (7-24) d.= 0.808[18(3)]'/* = 5.938 mm; and Eq. (7-19), kp = 
(5.938/7.62)—°-107 = 1.027. 
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Se = 0.841(1.027)(740) = 639 MPa 


At Inner Radius (Go), = 


| —733.2 + 244.4 


5 | = 244.4 MPa 


—733.2 — 244.4 
(F1)m = = —488.8 MPa 


2 


—1504 488.4 


Load line: Om = —244.4 — og 
Langer (yield) line: =o = og — 1504 = —244.4 — og 
Intersection: Oq = 629.8 MPa, o,, = —874.2 MPa 
(Note that o, is less than 639 MPa) 
629.8 
Yield: — ay 
. aga 
: 639 oe . bes ; 
Fatigue: ng= ve 2.61 Thus, the spring is not likely to fail in fatigue at the 
. inner radius. Ans. 
At Outer Radius 
456.9 — 152.3 
(Oo)a = — = 152.3 MPa 
456.9 + 152.3 
(do)m = Sa = 304.6 MPa 
Yield load line: Om = 152.3+ dq 
Langer line: Om = 1504 — og = 152.3 + 0, 
Intersection: Oqg = 675.9 MPa, om = 828.2 MPa 
675.9 
Ny = =n = 4.44 
152.3 
Fatigue line: Og = [1 —(Om/Syt)" Se = Om — 152.3 


639 | 1 om \°] _ 152.3 
ion | 


0, + 4369.76 — 3.4577(10°) = 0 
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—4369.7 + 4369.72 + 4(3.4577)(109) 


On = ; = 684.2 MPa 
Oq = 684.2 — 152.3 = 531.9 MPa 

531.9 
np = ~~ = 3.49 

152.3 


Thus, the spring is not likely to fail in fatigue at the outer radius. Ans. 


7-22 The solution at the inner radius is the same as in Prob. 7-21. At the outer radius, the yield 
solution is the same. 


ut 


Fatigue line: a (1 — oe) Se = Om — 152.3 


1.3826, = 791.3 > GO, = 35/24 MPa 
Og = 372 4-= 1523 = 420 MPa 


= sled =2.76 A 
ee fgg ee 
7-23 Preliminaries: 
Table A-20: Sur = 64 kpsi, S$, = 54 kpsi 


S! = 0.504(64) = 32.3 kpsi 
ka = 2.70(64)~° = 0.897 


kp =1 
ke = 0.85 
Se = 0.897(1)(0.85)(32.3) = 24.6 kpsi 
Fillet: 
Fig. A-15-5: D = 3.75 in,d = 2.5 in, D/d = 3.75/2.5 = 1.5,andr/d = 0.25/2.5 =0.10 
Spt 
Ge pegs 
"T+ (2/0.25) [(2.1 — 1)/2.1](4/64) 
Omax = : = 3.2 kpsi 
2.5(0.5) 
Omin = a 08 kpsi 
2.5(0.5) 
oq = 1.86 a“ = 14.88 kpsi 
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3.2+(-12.8 
Om = 1.86 a — —8.93 kpsi 
S. 54 
i= 7 |) =|—__} = 4.22 
Omin —12.8 
Since the midrange stress is negative, 
So = Se = 24.6 kpsi 
Sa 24.6 
np = — = —— = 1.65 
Og 14.88 
Hole: 
Fig. A-15-1:d/w = 0.75/3.75 = 0.20, K; = 2.5 
Kr= a a2, 17 
I T+ (2/0-73/2)((2.5 — 1)/2.51(5/64) 
2 2.67 kpsi 
Onax = —————— = 2. Si 
0.5(3.75 — 0.75) r 
—16 : 
Onn—" 7. SS OA See —10.67 kpsi 
0.5(3.75 — 0.75) 
2.67 — (—10.67 
ae) aa = 14.47 kpsi 
2.67 + (—10.67 
Om = 2.17 _ ) = —8.68 kpsi 
Since the midrange stress is negative, 
S 54 
ny =|—-| = = 5.06 
: Cin —10.67 
S, = Sz = 24.6 kpsi 
i 24.6 
= — = —— = 1.70 
mG IAAT 


Thus the design is controlled by the threat of fatigue at the fillet; the minimum factor of 
safety isng = 1.65. Ans. 


7-24 
M=-T, h=5mm, A=25mm 


ro= 20mm, ro =22.5mm, 7; = 17.5mm 
h si 

~ Inro/ri In (22.5/17.5) 

€=fre —Tyn = 20 — 19.8954 = 0.1046 mm 

ec, = 2.605 mm, c= 2.395 mm 


= 19.8954 mm 


ln 
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Mc; ~T (0.002 
6 EN ae 
Aer;  25(10~°)(0.1046)(10—3)(17.5)(10-2) 
—M T (2.605)(10~7 
22. 9 = ea) = 44.27(10°)T 


Aerg — 25(10-°)(0.1046)(10-3)(22.5)(10-3) 


For fatigue, 0, is most severe as it represents a tensile stress. 
1 
On =Oq = 5 (44.27)(10°) 7 = 22.14(10°)T 


S!, = 0.504S,; = 0.504(770) = 388.1 MPa 
ka = 4.51(770)-° = 0.775 
de = 0.808[5(5)]!/ = 4.04 mm 
4.04 —0.107 
kp = (53) = 1.070 
Se = 0.775(1.07)(388.1) = 321.8 MPa 
Modified Goodman, Table 7-9 
a a | 22.147  22.14T 1 


—— => = 
Se Sut nf 321.8 = 770 3 
T=3.42N-m Ans. 


2 
nNOgq nom 
+ = 
lee 
3(22.14)T ponory = 


321.8 770 
T* +27.74T — 134.40 —0 


(b) Gerber, Eq. (7-50) 


1 
T = 5[-27.74+ 27.74 + 4(134.40) ] = 4.21N-m_ Ans. 


(c) To guard against yield, use T of part (b) and the inner stress. 
420 


ny = ————~ = 1.91 Ans. 
» 52.34(4.21) 


7-25 From Prob. 7-24, Se = 321.8 MPa, Sy = 420 MPa, and S,,; = 770 MPa 
(a) Assuming the beam is straight, 
6M 6T 
mx = br 53[((10-3)3] 


GAs eee, ae aa, a 
3218 770 3 yee at ere 


= 48(10°)T 


Goodman: 
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(b) Gerber: 


3(24)T = 3(24)T 4 
321.8 770 > 


T* +25.59T — 114.37 = 1 


1 
T = 5 [-25.59 + 25.59? + 4(114.37)] =3.88N-m_ Ans. 


(c) Using omax = 52.34(10°)T from Prob. 7-24, 
420 


= ———__ = 7207 Ans. 
"y * 59.34(3.88) - 
7-26 
16K fs Tmax 
(a) Tmax = er el 
Fig. 7-21 for Hg > 200,r = 3 mm,q; = 1 
Kfs =1+4s(Kis — 1) 
Ky, =14+1(1.6-—1) = 1.6 
500 
Tmax = 2000(0.05) = 1OON-m, Tin = ——(100) = 25N-m 
2000 
16(1.6)(100)(10~°) 
max — = 101.9 MP. 
c 1(0.02)3 “ 
500 
min = ——~(101.9) = 25.46 MP: 
Fmin = 5999 (191.9) “ 


1 
tm = 101.9 + 25.46) = 63.68 MPa 


i 
= ae — 25.46) = 38.22 MPa 


Ssy = 0.67Sy¢ = 0.67(320) = 214.4 MPa 
Ssy = 0.577Sy = 0.577(180) = 103.9 MPa 
S’, = 0.504(320) = 161.3 MPa 

ka = 57.7(320)-° 8 = 0.917 

de = 0.370(20) = 7.4 mm 


7.4 \~0-107 
kk ={— = 1.003 
7.62 


k, = 0.59 
Se = 0.917(1.003)(0.59)(161.3) = 87.5 MPa 


198 Solutions Manual ¢ Instructor's Solution Manual to Accompany Mechanical Engineering Design 


Modified Goodman, Table 7-9, 


1 1 
"t ~ (7Se) + Um) Seu) (38.22/87.5) + (63.68/214.4) 


= 1.36 Ans. 


(b) Gerber, Table 7-10 
1 ( Ssu : Ta 2Tm Se 
=-{—) —]}-Il 1 —— 
- 2 ( Tm ) Se = / a ( SsuTa ) 


1 (214.4)? 38.22 | 2063-68)(87.5) 
~— 2163.68) 87.5 214.4(38.22) 


2 
=1.70 Ans. 


7-27 Sy = 800 MPa, Sy; = 1000 MPa 
(a) From Fig. 7-20, for a notch radius of 3 mm and S,; = 1 GPa, g = 0.92. 
Ky = 1+ q(K; — 1) =1+0.92(3 — 1) = 2.84 
4P 2.84(4) P 


Omax = —Kr— = ————~ = —4018P 
md? mt(0.030)2 


1 
On =O, = pe USE) = —2009P 


D+d 
rain(24 


(= + ) 


linge = 0.3P = 0.01357 


From Fig. 7-21, gs = 0.95. Also, K;s is given as 1.8. Thus, 


Kfs = 1+ 4s5(Kis — 1) = 1+ 0.95(1.8 — 1) = 1.76 
16KysT _ 16(1.76)(0.0135 P) 
mds 7(0.03)3 


1 
Ta = Tm = Pies. = 22417 


= 4482P 


Tmax = 


of = (02 +312)” = [(—2009P)? + 3(2241 P)*]"/? = 4366P 
o, = 0, = 4366P 
S’, = 0.504(1000) = 504 MPa 
ke =a S000) F723 
309) \ 70-107 
p= (3) = 0.864 
k. = 0.85 (Note that torsion is accounted for in the von Mises stress.) 
Se = 0.723(0.864)(0.85)(504) = 267.6 MPa 
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; O. . O. 1 
Modified Goodman: 24 mM = 
Se Sut n 
4366P 4366P 1 
— P = 16.1(10°)N=16.1kN Ans. 
267.6(105) ' 100010 3 os) ns 
1 / / 
Yield: Heart Um 
ny Sy 
800(10°) 


= = 5.69 Ans. 
"Y * 9(4366)(16.1)(103) = 
(b) If the shaft is not rotating, tj, = T, = 0. 


Om = Oq = —2009P 
k= 1 (axial) 


ke = 0:8) (Since there is no tension, k, = 1 might be more appropriate.) 
Se = 0.723(1)(0.85)(504) = 309.7 MPa 


309.7 


=300 : om 
309.7(10° 309.7(10° 
pas pS asin 
2009 P 3(2009) 
=51.4kN_ Ans. 
800(10°) 
Yield: 


ny = > = 3.87 Ans. 
2(2009)(51.4)(103) 


7-28 From Prob. 7-27, Kz = 2.84, K¢s = 1.76, Se = 267.6 MPa 


4 Pmax 4)(80)(10-3 
Omax = = Kf = —2.84 ee = —321.4 MPa 
* qa 7 (0.030)? 


20 
Onin = TT ies = —80.4 MPa 


DP 


d 0.150 + 0.03 
‘ = 7 Pk (77) = 0.3(80)(10°) (—E) = 1080N-m 


20 
Fig = — C1080) = 270 N«m 
80 
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1 6 Tmax 


16( 1080) 
Tmax = saa = .76| 


20 
Tin = = (358.3) = 89.6 MPa 
80 


= —_— = 120.5 MPa 
Om = a 80.4 = —200.9 MPa 
te = sees = 134.5 MPa 
iS a = 224.1 MPa 


1/2 


of = [02 + 3t7] / = [120.5 + 3(134.5)"]'/? = 262.3 MPa 


0, = [(—200.9)* + 3(224.1)7]!/7 = 437.1 MPa 


Goodman: 
a! 262.3 
= = = 466.0 MP 
(Cae = 7575, 1—437.1/1000 i 
Let f = 0.9 
[0.9(1000)}? 
276.6 as 
1 0.9(1000) 
as | = —0.1708 
3° 276.6 
1/b 466.0] 1/—0-1708 
N= a = Seas | = 47130cycles Ans. 
7-29 
Sy =490 MPa, S,, =590MPa, S, = 200 MPa 
420 + 140 420 — 140 
Om = —— = 280 MPa, oq = —,— = 140 MPa 
Goodman: 
Oa 140 
(Oa)e = - = 266.5 MPa > S, 


1—Om/Sut 1 — (280/590) 


__ [0.9(590)]? 
“~~ 200 
1 0.9(590) 


| 
3° 300 


= 1409.8 MPa 


= —0.141 355 
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266.5 \ ~1/0-14355 
N= (ses) = 131200 cycles 


Nremaining = 131 200 — 50000 = 81 200 cycles 


350 + (—200 
Second loading: (Om)2 = ae = 75 MPa 
350 — (—200 
(ese ae = 275 MPa 
275 
(Oq)e2 = ———— ——— _ = 315.0 MPa 
1 — (75/590) 
(a) Miner’s method 
315 \~1/0.141 355 
N= | = 40 200 cycles 
1409.8 


ny 4 ny 50.000 Ng 


=i = + =1 
N No 131200 40200 
nz = 24880 cycles Ans. 


(b) Manson’s method 
Two data points: 0.9(590 MPa), 10° cycles 
266.5 MPa, 81200 cycles 
0.9(590) a( 10°)” 
266.5. ao(81 200)” 
1.9925 = (0.012 315)” 


log 1.992 
2= Beside = = —0.156 789 
log 0.012 315 
266. 
an oc = 1568.4 MPa 


~ (81 200) —0-156789 


315 \1/-0.156789 
n2 = (a3) = 27950 cycles. Ans. 
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7-30 (a) Miner’s method 
[0.9(76) ]? 
a= ———— 


30 = 155.95 kpsi 
1 0.9(76) 
b=--] = —0.11931 
aE 36 
48 1/—0.11931 
o, = 48kpsi, N, = = 19460 cycles 
155.95 


3g \1/-0.11931 
02 = 38 kpsi, No = (55) = 137 880 cycles 
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32 1/—0.11931 
03 = 32kpsi, N3 (Ss) 582 150 cycles 
ny ng n3 
ae epee plas | 
N\ = N> - N3 
4000 60 000 N3 


=1 = 209160 cycles Ans. 
19460 * 137880 | 582150 =p NG cycles Ans 


(b) Manson’s method 
The life remaining after the first cycle is Nr, = 19460 — 4000 = 15 460 cycles. The 
two data points required to define So are [0.9(76), 10°] and (48, 15 460). 

0.9(76) _ ax(10*)” 
48 —— an(15.460) 
log(1.425 
b= 0 
log(0.064 683) 
48 

~ (15 460)—0-129 342 

3g \~!/0.129342 

N> = = 94110 cycl 

: (Ga) ee 
Nr, = 94 110 — 60 000 = 34 110 cycles 

0.9(76) _ _a3(10%)”3 

38 = a3(34.110)3 
log 1.8 38 
= —_—___ = —0.166531, = 
1og(0.029 317) “3 * (34 110) 0166531 


32. \~1/0.166531 
N3 = ( ) = 95740 cycles Ans. 


> 1.425 = (0.064683)” 


an = 167.14 kpsi 


=> 1.8 =(0.029317)" 


= 216.10 kpsi 


3 


216.1 


7-31 Using Miner’s method 
[0.9(100)]? 
QS 


50 = 162 kpsi 
1 0.9(100) 
b=--1 = —0.085 091 
3 °F 50 
70 \ 1/-0.085.091 
o=70kps, Ni= (=) = 19170 cycles 
55 \ 1/-0.085091 
02 =35kpsi, N2z= (=) = 326.250 cycles 


03 = 40 kpsi, N3— co 
0.2N 0.5N 0.3N 
=F = =] 
19170 326250 oe) 
N = 83570 cycles Ans. 
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7-32 GivenHg = 495LN(1, 0.03) 
Eq. (3-20) Sur = 0.495 [LN(1, 0.041) ]Hz 
= 0.495 [LN(1, 0.041) ][495 LN(1, 0.03)] 
Sut = 0.495(495) = 245 kpsi 
Table 2-6 for the COV of a product. 
Cry = (CZ + C5) = (0.041? + 0.037)? = 0.0508 
Sut = 245LN(1, 0.0508) kpsi 
From Table 7-13: a = 1.34,b = —0.086,C = 0.12 
k, = 1.345,°°°°LN(, 0.120) 
= 1,34(245)~°-8EN(1, 0.12) 
= 0.835LN(1, 0.12) 
kp = 1.05 (as in Prob. 7-1) 
S. = 0.835LN(1, 0.12)(1.05)[107LN(1, 0.139)] 
Se = 0.835(1.05)(107) = 93.8 kpsi 
Now 
Cyse = (0.12? + 0.1397)!/? = 0.184 
S. = 93.8LN(1, 0.184) kpsi Ans. 
7-33. A Priori Decisions: 


¢ Material and condition: 1018 CD,S,; = 440LN(1, 0.03), and 
S, = 370LN(1, 0.061) MPa 

* Reliability goal: R = 0.999 (z = —3.09) 

e Function: 


Critical location—hole 


¢ Variabilities: 


Cra = 0.058 
Cre = 0.125 

Cy = 0.138 

Cse = (Cha + CR. +. C3)” = (0.0587 + 0.1257 + 0.1387) !/? = 0.195 
Cre = 0.10 
Cra = 0.20 


Coq = (0.107 + 0.207)!/* = 0.234 


CA4Ac 0.1952 + 0.2342 
Ch = pe a aS = 7 — 0.297 
1+C2, 1+ 0.2342 
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Resulting in a design factor ny of, 


Eq. (6-59): np = exp[—(—3.09) V/In(1 + 0.2972) + In V1 + 0.2972] = 2.56 


* Decision: Setnf = 2.56 


Now proceed deterministically using the mean values: kg = 0.887, kp = 1, ke = 0.890, 
and from Prob. 7-10, K¢ = 2.09 


5 Fy Se 

Ky =~ 
t(60—12) ing 

_ fig Ke Fa 2.56(2.09)(15.10°) 

~ (60—12)S, (60 — 12)(175.7) 


_F 
Ga = Kp = 


= 9.5mm 


Decision: If 10 mm 1018 CD is available, f= 10mm _ Ans. 


7-34 


Rotation is presumed. M and S,,; are given as deterministic, but notice that o is not; there- 
fore, a reliability estimation can be made. 


From Eq. (7-70): 
S’, = 0.506(110)LN(1, 0.138) 
= 55.7LN(1, 0.138) kpsi 
Table 7-13: 
k, = 2.67(110)- °° LN(1, 0.058) 
= 0.768LN(1, 0.058) 
Based on d = | in, Eq. (7-19) gives 


1 \ 70-107 
kp =(-—— = 0.879 
(as) 
Conservatism is not necessary 


S. = 0.768[LN(1, 0.058) ](0.879)(55.7)[LN(, 0.138)] 
Se = 37.6 kpsi 

Ce = (0.058? + 0.1387)!/? = 0.150 
S. = 37.6LN(1, 0.150) 
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Fig. A-15-14: D/d = 1.25, r/d =0.125. Thus K; = 1.70 and Eqs. (7-35), (7-78) and 
Table 7-8 give 
1.70LN(1, 0.15) 


K; = 
a + (2/V0.125)[(1.70 — 1)/(1.70)](3/110) 
= 1.598LN(1, 0.15) 


3M 7 ae 
o = Ky, = 1.598[LN(I 0.15)1] m(1)3 


= 22.8LN(1, 0.15) kpsi 
From Eq. (6-57): 


In | (37.6/22.8),/ 4015/0 + 0.15) | 
= aH5937 
’ /In[(1 + 0.152)(1 + 0.152)] 


From Table A-10, pz = 0.008 89 
~, R= 1— 0.00889 = 0.991 Ans. 


Note: The correlation method uses only the mean of S,,;; its variability is already included 
in the 0.138. When a deterministic load, in this case M, is used in a reliability estimate, en- 
gineers state, “For a Design Load of M, the reliability is 0.991.” They are in fact referring 
to a Deterministic Design Load. 


7-35 For completely reversed torsion, Kg and ky of Prob. 7-34 apply, but k, must also be con- 
sidered. 


Eq. 7-74: k. = 0.328(110)°!SLN(1, 0.125) 
= 0.590LN(1, 0.125) 
Note 0.590 is close to 0.577. 
Sse = Ka kp ke S), 
= (0.768[LN(1, 0.058) ](0.878)[0.590LN(1, 0.125)][55.7LN(1, 0.138)] 
Sse = 0.768(0.878)(0.590)(55.7) = 22.2 kpsi 
Cse = (0.0587 + 0.1257 + 0.1387)!/? = 0.195 
Sse = 22.2LN(1, 0.195) kpsi 


Fig. A-15-15: D/d = 1.25, r/d = 0.125, then K;; = 1.40. From Eqs. (7-35), (7-78) and 
Table 7-8 


K.. = 1.40LN(1, 0.15) 
1 + (2/V0.125) [(1.4 — 1)/1.41(3/110) 
16T 
md? 
t = 1.34{LN(, 0.15)] 


= 1.34LN(1, 0.15) 


t=K,, 


16(1.4) 
m(1)3 


= 9.55LN(1, 0.15) kpsi 
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From Eq. (6-57): 


In [(22.2/9.55)/ + 0.152)/( + 0.195) | 
Jin({( + 0.1952)(1 + 0.152)] 


Z=- 29.43 


From Table A-10, pz = 0.0003 
R= I= pp = 1—0.0003 = 0.9997 Ans. 


For a design with completely-reversed torsion of 1400 Ibf - in, the reliability is 0.9997. The 
improvement comes from a smaller stress-concentration factor in torsion. See the note at 
the end of the solution of Prob. 7-34 for the reason for the phraseology. 


oe pige YY 3? Non-rotating 
| 
{ / ‘s 
| 
Sut = 58 kpsi 
S/, = 0.506(58)LN(1, 0.138) 
= 29.3LN(1, 0.138) kpsi 
Table 7-13: ka = 14.5(58) °° LN(1, 0.11) 
= 0.782LN(1, 0.11) 
Eq. (7-23): 


d, = 0.37(1.25) = 0.463 in 


0.463 \ ~°107 
ig =| —— — 0.955 
: (=) 


S. = 0.782[LN(1, 0.11)](0.955)[29.3LN(1, 0.138)] 
Se = 0.782(0.955)(29.3) = 21.9 kpsi 
Cse = (0.11? + 0.1387)!/? = 0.150 
Table A-16: d/D = 0,a/D =0.1, A = 0.83 .°, K; = 2.27. 
From Eqs. (7-35) and (7-78) and Table 7-8 
2.27LN(1, 0.10) 


Ky = = 1.783LN(1, 0.10 
YT + (2/V0.125) (2.27 — 1)/2.271(5/58) : 


Table A-16: : ; 
AD 83)(1.2 
eel sa ONE D 6 digg ae 
32 32 
=~ KM ~ 1.7831Nc1,0.10) (1° 
Feet en TaD 


= 17.95LN(1, 0.10) kpsi 
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o = 17.95 kpsi 
C, =0,10 
In |(21.9/17.95) Vd +0.109/0 + 0.15) | 
Eq. (6-57):  z=— = —1.07 
JIn[(1 + 0.152)(1 + 0.102)] 
Table A-10: pp = 0.1423 


R=1=]}pp=1= 01423 =0:858 Ans. 
For a completely-reversed design load Mj of 1400 Ibf - in, the reliability estimate is 0.858. 


7-37 For anon-rotating bar subjected to completely reversed torsion of T, = 2400 Ibf- in 
From Prob. 7-36: 
S,, = 29.3LN(1, 0.138) kpsi 
kg = 0.782LN(1, 0.11) 
ky = 0.955 
For k, use Eq. (7-74): 
k, = 0.328(58)°'>LN(1, 0.125) 
= 0.545LN(1, 0.125) 
Sse = 0.782[LN(1, 0.11)](0.955)[0.545LN(1, 0.125) ][29.3LN(1, 0.138)] 
Sse = 0.782(0.955)(0.545)(29.3) = 11.9 kpsi 
Cse = (0.117 + 0.125? + 0.1387)'/? = 0.216 
Table A-16: d/D =0,a/D = 0.1, A = 0.92, Kj; = 1.68 
From Eqs. (7-35), (7-78), Table 7-8 
1.68LN(1, 0.10) 


Kr, = Ma i 
TS 1+ 2/V0.125)[(1.68 — 1)/1.68](5/58) 
= 1.403LN(1, 0.10) 
Table A-16: 
AD‘ 0.92)(1.254 
Jnet = E = uae ees M ) = 0.2201 
32 32 
Tac 
T =K 
ce = 


= 1.403[LN(1, 0.10)] a 


0.2201 
= 9.56LN(1, 0.10) kpsi 
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From Eq. (6-57): 


In }(11.9/9.56)/ +0.109/0 + 0.2167) | 


= —0.85 
JIn[(1 + 0.102)(1 + 0.2162)] 


a 


Table A-10, pp = 0.1977 
R=1—pp=1—01977=080 Ans. 


This is a very important task for the student to attempt before starting Part 3. It illustrates 
the drawback of the deterministic factor of safety method. It also identifies the a priori de- 
cisions and their consequences. 

The range of force fluctuation in Prob. 7-23 is —16 to +4 kip, or 20 kip. Repeatedly- 
applied Fy is 10 kip. The stochastic properties of this heat of AISI 1018 CD are given. 


Function Consequences 
Axial Fy =10 kip 
Fatigue load Cr, =0 
Cr = 0.195 
Overall reliability R > 0.998; z= —3.09 
with twin fillets Cxr = 0.11 
R > V0.998 > 0.999 
Cold rolled or machined Cra = 0.058 
surfaces 
Ambient temperature Ca=0 
Use correlation method Cg = 0.138 
Stress amplitude Cxy = 0.11 
Usa = 0.11 
Significant strength S, Cse = (0.0587 + 0.1257 + 0.1387)!/? 
= 0,195 


Choose the mean design factor which will meet the reliability goal 


SS 
_ 


= 0.22 
140,117 = 
ni = exp[—(—3.09)/In(1 + 0.223?) + In v1 + 0.223? | 


n=202 


Review the number and quantitative consequences of the designer’s a priori decisions to 
accomplish this. The operative equation is the definition of the design factor 


Se 
Cg = — 

n 
= Se Kg Fg S. 
Og = => = "a 
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Solve for thickness h. To do so we need 


ka = 2.67S,,°7?© = 2.67(64)~° = 0.887 


kp = 1 
be 1235 = 123164)" = 0.880 
ka = ke =1 


Se = 0.887(1)(0.889)(1)(1)(0.506)(64) = 25.5 kpsi 
Fig. A-15-5: D = 3.75 in,d = 2.5in, D/d = 3.75/2.5 = 1.5,r/d = 0.25/2.5 = 0.10 
Ky =2.1 
Kr = a = 1.857 
1 + (2//0.25)[(2.1 — 1)/(2.1)](4/64) 


) — KttFa _ 1857(2.02)0) 
—  woS,———S—Ss««S(25.5) 


= 0.667 Ans. 


This thickness separates S, and Gq so as to realize the reliability goal of 0.999 at each 
shoulder. The design decision is to make f the next available thickness of 1018 CD steel 
strap from the same heat. This eliminates machining to the desired thickness and the extra 
cost of thicker work stock will be less than machining the fares. Ask your steel supplier 
what is available in this heat. 


7-39 


7 
i a 1200 Ibf 
ils =o — 

y 

>| ke 


T 
4 


F, = 1200 lbf 
Sut = 80 kpsi 
(a) Strength 
k, = 2.67(80)°?©LN(1, 0.058) 
= 0.836LN(1, 0.058) 
kp =1 
k. = 1.23(80)~°°’8LN(1, 0.125) 
= 0.874LN(1, 0.125) 
S’ = 0.506(80)LN(1, 0.138) 
= 40.5LN(1, 0.138) kpsi 
S. = 0.836[LN(1, 0.058)](1)[0.874LN(1, 0.125)][40.5LN(1, 0.138)] 
Se = 0.836(1)(0.874)(40.5) = 29.6 kpsi 
Ce = (0.0587 + 0.1257 + 0.1387)!/? = 0.195 
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Stress: Fig. A-15-1; d/w = 0.75/1.5 = 0.5, K; = 2.17. From Eqs. (7-35), (7-78) and 
Table 7-8 
2.17LN(1, 0.10) 


f= 14 @/JO37S)IC.17 — 1)/2.1715/80) 
= 1.95LN(1, 0.10) 
Og = ae Cs = 0.10 
(w — d)t 
Ky Fa 1.95(1.2) 


a = — 12.48 kpsi 
76 Gia aye (5 —0.75)(0.25) = 


Sa = Se = 29.6 kpsi 

In (Sa/6a),/ (I + C2) /(1 + C3) 
int +2) (1-403) 

In | (29.6/12.48)/( +0.102)/( + 0.195) | 


= — = —3.9 
Vin(1 + 0.102)(1 + 0.1952) 


L= 


From Table A-20 
pr = 4.481(107°) 
R = 1—4.481(10~°) = 0.999 955 Ans. 
(b) All computer programs will differ in detail. 


7-40 


Each computer program will differ in detail. When the programs are working, the experi- 
ence should reinforce that the decision regarding ny is independent of mean values of 
strength, stress or associated geometry. The reliability goal can be realized by noting the 
impact of all those a priori decisions. 


7-41 


Such subprograms allow a simple call when the information is needed. The calling pro- 
gram is often named an executive routine (executives tend to delegate chores to others and 
only want the answers). 


7-42 


7-43 


This task is similar to Prob. 7-41. 


Again, a similar task. 


7-44 


The results of Probs. 7-41 to 7-44 will be the basis of a class computer aid for fatigue prob- 
lems. The codes should be made available to the class through the library of the computer 
network or main frame available to your students. 


7-45 


Peterson’s notch sensitivity g has very little statistical basis. This subroutine can be used to 
show the variation in q, which is not apparent to those who embrace a deterministic q. 


7-46 


An additional program which is useful. 


Chapter 8 


8-1 
(a) [5 mm >| Thread depth= 2.5mm _ Ans. 
HE | Width =2.5mm_ Ans. 

a a fan dm = 25 — 1.25 — 1.25 = 22.5 mm 
dy = 25 —5 = 20mm 
l=p=S5 mm -Ans. 
(b) 5mm Thread depth = 2.5mm _ Ans. 
fA-fA. bs Width at pitch line = 2.5 mm_ Ans. 
paren ig = 22.3 Tam 
d, = 20 mm 


l=p=35mm Ans. 


8-2 From Table 8-1, 
d, = d — 1.226 869p 
dm = d — 0.649519p 
d — 1.226 869p + d — 0.649519p 


d= 5 = d — 0.938 194p 
Pe: 
Aa = tg Oa8io4y)? Ans: 
4 4 
8-3 From Eq. (c) of Sec. 8-2, 

og BOAT 
1— f tana 

TH Pdm _ Fdy tana+ f 
Oe DO T= F tad 

To  FI/Qn) 1— ftanda | 1 — ftana 


Ans. 


=—= ——— = tank-———_ 
T Fdm/2 tana+ f tana + f 


Using f = 0.08, form a table and plot the efficiency curve. 


Ae 
A, deg. e 

0 0 ; 
10 0.678 
20 0.796 
30 0.838 
40 0.8517 
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8-4 Given F = 6 kN, / =5 mm, and d,, = 22.5 mm, the torque required to raise the load is 
found using Eqs. (8-1) and (8-6) 


7, _ 9225) E + 1(0.08)(22.5)]  6(0.05)(40) 
R92 | (22.5) — 0.08(5) 2 


= 10.23+6=16.23N-m Aas. 


The torque required to lower the load, from Eqs. (8-2) and (8-6) is 


7, — 9225) 71(0.08)22.5 — 5 | 6(0.05)(40) 
b~~9 | 77(22.5) + 0.08(5) 3 


=0:622 7--6=6.622Nsm Apes: 


Since Ty, is positive, the thread is self-locking. The efficiency is 


6(5) 


Eq. (8-4): e= 27(16.23) 


= 0.294 Ans. 


8-5 Collar (thrust) bearings, at the bottom of the screws, must bear on the collars. The bottom seg- 
ment of the screws must be in compression. Where as tension specimens and their grips must 
be in tension. Both screws must be of the same-hand threads. 


8-6 Screws rotate at an angular rate of 


1720 
n = —— = 22.9 rev/min 
75 


(a) The lead is 0.5 in, so the linear speed of the press head is 
V = 22.9(0.5) = 11.5 in/min Ans. 
(b) F = 2500 lbf/screw 
a,23 2023 =2,0m 
seca = 1/cos(29/2) = 1.033 
Eq. (8-5): 


TR 


__ 2500(2.75) (= + (0.05)(2.75)(1.033) 


= 377.6 lbf - in 
2 m(2.75) — eae 
Eq. (8-6): 
7, = 2500(0.06)(3/2) = 375 lbf<in 
Total = 377.6 + 375 = 753 Ibf - in/screw 
753(2 
[ — efaC8 = 21.1 Ibf- in 
75(0.95) 


o. Tn __ 21.1(1720) 
~ 63025 63025 


=0.58hp Ans. 
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8-7 The force F is perpendicular to the paper. 


3 >| 
L=3 : u 2.406 
= 3 ee in 
T = 2.406F 
7 7 
M=(|L-—)]F=(2.406—-— — |] F =2.188F 
a2 32 
Sy = 41 kpsi 


32M 32(2.188) F 
a eM 2. EE a00 
md? ~—-7r(0.1875)? 
F = 12.13 Ilbf 
T = 2.406(12.13) = 29.2 lbf-in Ans. 


(b) Eg. (8-5), 2a = 60°, / = 1/14 = 0.0714 in, f = 0.075, seca = 1.155, p = 1/14 in 


O=dy 


7 1 
= —. = 0,649519) — | =039111 
dn 16 0.649 5 9(5) 0.3911 in 


Fejamp(0.3911) (=) 

Tr = 
2 Den 

Num = 0.0714 + 2(0.075)(0.3911)(1.155) 

Den = 2(0.3911) — 0.075(0.0714)(1.155) 


T = 0.028 45 Foamp 
T 29.2 
F clamp = = 
0.02845 0.02845 
(c) The column has one end fixed and the other end pivoted. Base decision on the mean 
diameter column. Input: C=1.2, D=0.39lin, Sy =41kpsi, E= 30(10°) psi, 
L = 4.1875 in, k = D/4 =0.09775 in, L/k = 42.8. 
For this J. B. Johnson column, the critical load represents the limiting clamping force 
for bucking. Thus, Felamp = Per = 4663 Ibf. 


(d) This is a subject for class discussion. 


= 1030 lbf Ans. 


8-8 T = 6(2.75) = 16.5 lbf - in 
5 1 : 
din = 8 — Dy) = 0.5417 in 
1 ; 29° 
l= 6 =0.1667in, a= = (45°, -secl4 5° = 1.033 
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0.1667 + 2(0.15)(0.5417)(1.033) 
Eq. (8-5): f=05017 7) | a 0.080er 
ae) (F/2) Eo = a 
Eq. (8-6): T, = 0.15(7/16)(F/2) = 0.032 81F 
Trotal = (0.0696 + 0.0328) F = 0.1024F 
re 
ae 4G ibe. An 
(ou 


8-9 d,, = 40 —3 = 37 mm,/ = 2(6) = 12 mm 
From Eq. (8-1) and Eq. (8-6) 
Te = 10(37) Ee es | 10(0.15)(60) 
2 (37) — 0.10(12) 2 
= 38.0+ 45 = 83.0N-m 
Sincen = V/I = 48/12 = 4 rev/s 
@ = 20n = 21(4) = 8m rad/s 


so the power is 
H = Tow = 83.0(87) = 2086 W Ans. 


8-10 
(a) dy = 36-3 = 33 mm,/ = p=6mm 
From Eqs. (8-1) and (8-6) 


T= 


33F | 64+ 2(0.14)(33) 0.09(90) F 
2 |2(33) — 0.14(6) 2 
= (3.292 + 4.050) F = 7.34F N-m 


@ = 20n = 27n(1) = 2a rad/s 


H=Toa 
H 3000 
T = — = — =477N-m 
ro) 27 
F= ul =65.0kN A 
= 334 — ©. ns. 
Fl 65.0(6 
(b) e= — (6) = 0.130 Ans. 


2nT _2(477) 


8-11 
(a) Lp =2D+4+ ; = 2(0.5) + 0.25 =1.25in Ans. 
(b) From Table A-32 the washer thickness is 0.109 in. Thus, 
Lg = 0.54+0.5+ 0.109 = 1.109in Ans. 


7 
(c) From Table A-31, H = 16 = 0.4375 in 


(d) 


(e) 
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Lo +H = 1.109 + 0.4375 = 1.5465 in 


This would be rounded to 1.75 in per Table A-17. The bolt is long enough. Ans. 


Wea ha Lra LD =1.25=050m Any. 
L = Le —lg = 1.109— 0.500 =0.609in Ans. 


These lengths are needed to estimate bolt spring rate kp. 
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Note: In an analysis problem, you need not know the fastener’s length at the outset, 
although you can certainly check, if appropriate. 


8-12 


(a) 
(b) 


(c) 
(d) 


(e) 


Lr =2D+6=2(14)+6=34mm_ Ans. 


From Table A-33, the maximum washer thickness is 3.5 mm. Thus, the grip 1s, 


Lg = 144+ 1443.5=31.5mm Ans. 

From Table A-31, H = 12.8 mm 

Lg +H =31.54 12.8 = 44.3 mm 

This would be rounded to L = 50 mm. The bolt is long enough. Ans. 
la@=L—Lr=50-—34=16mm Ans. 

lL = Lg -—lg=31.5—-—16=15.5mm Ans. 

These lengths are needed to estimate the bolt spring rate kp. 


8-13 


(a) 


(b) 
(c) 


(d) 


1 
Lp =2D+ vi A035) 4-025 = 1.25 im Ans: 


d d 0.5 
L6 PME UL GeO ag 1.125in_ Ans. 


b> ha 13d = te Lod = 0.3873-4- 1.5(0.5) = 1,625.10 
From Table A-17, this rounds to 1.75 in. The cap screw is long enough. 


Wea L=—Lpsa1L/5—Lb=050im: Ans. 
ly = Lg —la = 1.125—-0.5=0.625 in Ans. 


Ans. 


8-14 


(a) 
(b) 
(c) 


(d) 


Lr =2(12)+6=30mm Aas. 
d d 12 


beh Lad =e lod =20-- 15012) =38 mm 


This rounds to 40 mm (Table A-17). The fastener is long enough. Ans. 


la@=L—-Lr=40-—30=10mm Ans. 
lp =Lo —lg = 26-10= 16mm Ans. 
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8-15 
(a) Aga = 0.7854(0.75)* = 0.442 in? 
Atube = 0.7854(1.1257 — 0.757) = 0.552 in” 
AgE  0.442(30)(10° 
=e OND 1.02(10°) Ibf/in Ans. 
grip {3 
AtbeE 0.552(30)(10° 
ce == ND 1.27(10°) Ibf/in Ans. 
13 13 
ee 0.445 A 
~Toof127 - 
t od 4 , 
(b) — Grip —> §=—-- = — = 0.02083 in 
a 16 3 48 
ees \P|l (13 — 0.02083) 
A 5,| = = P| = 9.79(107")|P| i 
Nut advance #~«~§—> | b| AE 0.442(30)(10°) | | ( )| | in 
8, 
is [Pll | PI(13) 


[etm | le = = 7.85(10~7)|P| i 
Equilibrium 7 | n | AE 0.552(30)(10°) ( | | in 


[Sp] + [Sm| = 5 = 0.02083 
9.79(10~’)| P| + 7.85(107’)| P| = 0.020 83 
0.020 83 


FK=|P|= =118101lbf Ans. 
9.79(10-7) + 7.85(10-7) 


(c) At opening load Po 
9.79(10~") Py = 0.020 83 


0.020 83 
= ——— = 21280 lbf Ans. 
° = 9.79(10-7) oe 
As acheck use F; = (1 — C) Po 
F; 11810 


Pez = 21280 Ibf 


1-C 1—0.445 


8-16 The movement is known at one location when the nut is free to turn 
c= pH=t/N 
Letting N; represent the turn of the nut from snug tight, N,; = 6/360° andé = N,/N. 
The elongation of the bolt d, is 
i 
~ ib 


The advance of the nut along the bolt is the algebraic sum of |5,| and |4,,| 


op 
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N 

Ibo] + [5m = 57 

Be IN 

++ = 

kp | km N 

1 kp + Kn f 
N= NE | S| = FiN, —— Ans. 
e+e ( kokn ) 360° 


As acheck invert Prob. 8-15. What Turn-of-Nut will induce F; = 11 808 lbf? 


1 1 
N, = 16(11 
oo 208) (Tas + Gao) 


= 0.334 turns = 1/3 turn (checks) 


The relationship between the Turn-of-Nut method and the Torque Wrench method is as 
follows. 


kp +km 
N; = ( os ) F,N (Turn-of-Nut) 


T=KF.d (Torque Wrench) 
Eliminate F; 
kp +km \ NT 
t= ss Ans 
kpkm ) Kd 360° 
8-17 

(a) From Ex. 8-4, F; = 14.4 kip, kp = 5.21(10°) Ibf/in, km = 8.95(10°) Ibf/in 

Eq. (8-27): T =kF,d = 0.2(14.4)(10°)(5/8) = 1800 Ibf-in Ans. 

From Prob. 8-16, 

t= NF; : 4 : = 16(14.4)(10°) : + : 
ee ep , 5.21(10°) — 8.95(10°) 


= 0.132 turns = 47.5° Ans. 


Bolt group is (1.5)/(5/8) =2.4 diameters. Answer is lower than RB&W 
recommendations. 


(b) From Ex. 8-5, F; = 14.4 kip, kp = 6.78 Mlbf/in, and k,, = 17.4 Mlbf/in 
T = 0.2(14.4)(10°)(5/8) = 1800 Ibf-in Ans. 


1 1 
t= 11(14.4)(10°) races - Taco 


= 0.0325 = 11.7° Ans. Again lower than RB&W. 


8-18 From Eq. (8-22) for the conical frusta, with d// = 0.5 


Km 0.5772 


Km = eS ll 
Ed\qjy=os  21n{5[0.577 + 0.5(0.5)]/[0.577 + 2.5(0.5)]} 
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Eq. (8-23), from the Wileman et al. finite element study, 
kin 


— = 0.787 15 exp[0.628 75(0.5)] = 1.08 
Ed (d/1)=0.5 


8-19 For cast iron, from Table 8-8 
For gray iron: A = 0.77871, B = 0.61616 


Q 0.625 6 : 
km = 12(10°)(0.625)(0.778 71) exp { 0.616 lo = 7.55(10°) lbf/in 


This member’s spring rate applies to both members. We need k,, for the upper member 
which represents half of the joint. 


keg = 2km = 2[7.55(10°)] = 15.1(10°) Ibf/in 
For steel from Table 8-8: A = 0.787 15, B = 0.628 73 


km = 30(10°)(0.625)(0.787 15) exp( 0.608 730) = 19,18(10°) Ibf/in 
ksteet = 2km = 2(19.18)(10°) = 38.36(10°) Ibf/in 
For springs in series 
1 _ 1 na 1 _ i n I 
km Kei ‘Ksteen «= - 15.110) 38.36(10®) 
km = 10.83(10°) Ibf/in Ans. 


8-20 The external tensile load per bolt is 
1 (x 
P = —(=— )(150)°(6)(107°) = 10. 
(5) 50)°(6)(10~) 0.6 KN 


Also, Lg = 45 mm and from Table A-31, ford = 12 mm, H = 10.8 mm. No washer is 
specified. 


Lr =2D+6= 2(12) +6 = 30mm 
Lo + HW = 45+ 10.8 = 55.8 mm 
Table A-17: L=60mm 
lg = 60 — 30 = 30 mm 
1, =45—30= 15 mm 


Aq= aces = 113 mm? 
Table 8-1: A; = 84.3 mm? 
Eq. (8-17): 
ee 113(84.3)(207) pee anim 


113(15) + 84.3(30) 
Steel: Using Eq. (8-23) for A = 0.78715, B = 0.62873 and E = 207 GPa 
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Eq. (8-23): km = 207(12)(0.787 15) exp[(0.628 73)(12/40)] = 2361 MN/m 
ks = 2Km = 4722 MN/m 
Cast iron: A = 0.77871, B = 0.61616, E = 100 GPa 
km = 100(12)(0.778 71) exp[(0.616 16)(12/40)] = 1124 MN/m 
key = 2kyy = 2248 MN/m 


- = n+p => ky = 1523 MN 
_ 466.8 
466.8 + 1523 
Table 8-1: A; = 84.3 mm”, Table 8-11, Sy = 600 MPa 
Eqs. (8-30) and (8-31): F; = 0.75(84.3)(600)(10~°) = 37.9 kN 
Eq. (8-28): 


= 0.2346 


SpAr — F; — 600(10~3)(84.3) — 37.9 
n= — 
CP 0.2346(10.6) 


=5.1 Ans. 


8-21 Computer programs will vary. 


8-22 D3;=150mm, A= 100mm, B= 200mm, C = 300mm, D= 20mm, FE = 25 mm. 
ISO 8.8 bolts: d = 12 mm, p = 1.75 mm, coarse pitch of p = 6 MPa. 


_1i/(z 2 _— 
P= (4) (150 )(6)(10~) = 10.6 kN/bolt 


Lg =D+E£E=20+25 = 45 mm 
Ly =2D+6=2(12) +6=30mm 
Table A-31: H = 10.8 mm 


Lg +H =45+ 10.8 = 55.8 mm 
Table A-17: L = 60 mm 


eo | 


ly =60—-30=30mm, J, =45—30=15mm, Ag =2(12?/4) = 113 mm” 
Table 8-1: A; = 84.3 mm? 
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Eq. (8-17): 
113(84.3)(207 
kp = ( we) = 466.8 MN/m 
113(15) + 84.3(30) 
There are three frusta: d, = 1.5(12) = 18 mm 
D, = (20 tan 30°)2 + dy = (20 tan 30°)2 + 18 = 41.09 mm 


Upper Frustum: t = 20mm, E = 207 GPa, D = 1.5(12) = 18 mm 


Eq. (8-20): k, = 4470 MN/m 
Central Frustum: t =2.5 mm, D = 41.09 mm, E = 100 GPa (Table A-5) => ko = 
52 230 MN/m 


Lower Frustum: t = 22.5mm,E = 100GPa,D=18mm =>. k3 = 2074 MN/m 
From Eq. (8-18): km = [(1/4470) + (1/52 230) + (1/2074)]~! = 1379 MN/m 
466.8 


SS ee = 2S 
466.8 + 1379 


Eq. (e), p. 421: 
Eqs. (8-30) and (8-31): 
F; = KF, = KA;Sp = 0.75(84.3)(600)(107*) = 37.9 KN 
_ SpAr— Fi _ 600(10~*)(84.3) — 37.9 


Eq. (8-28): = 2 —4.73 Ans. 
aoe em C,,P 0.253(10.6) “ 


8-23 P= =(%) 2610) — 8.48 kN 


From Fig. 8-21, t; = 4 = 20 mm and f2 = 25 mm 
1 = 20+ 12/2 = 26mm 
t=0Q _ (no washer), Lr = 2(12) +6= 30 mm 
EL>h+1.5d = 20+ 1.5112) = 38 mm 


Use 40 mm cap screws. 
lig = 40 — 30 = 10 mm 
lL =l-—lg=26-—10= 16mm 
Aq =113 mm’, A; = 84.3 mm? 


Eq. (8-17): 


tg, = __113084.3)(207) 
>= 113(16) + 84.3(10) 


= 744 MN/m_ Ans. 


dy = 1.5(12) = 18 mm 
D = 18 + 2(6)(tan 30) = 24.9 mm . 5 ql 
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From Eq. (8-20): 
Top frustum: D=18,t=13,E=207GPa => k,; = 5316MN/m 
Mid-frustum: t =7,E =207GPa,D=24.9mm => kp = 15620 MN/m 


Bottom frustum: D=18,t=6,E=100GPa => kz = 3887 MN/m 
1 


a — 2158 MN/m Ans. 
(1/5316) + (1/55 620) + (1/3887) 
cu _y2s6 4 
~ 74442158 am 


From Prob. 8-22, F; = 37.9 kN 
SpAr— F;  600(0.0843) — 37.9 
n= = 


2 = 594 Ans. 
CP 0.256(8.48) is 


221 


8-24 Calculation of bolt stiffness: 
A= 77 16in 
Lr =2(1/2)+ 1/4=11/4in 
Lg = 1/2+ 5/8 + 0.095 = 1.22 in 
E> 1.125+7/16+ 0.095 = 1.66 in 
Use = 1731 


lg = L — Lr = 1.75 — 1.25 = 0.500 in 
l, = 1.125 + 0.095 — 0.500 = 0.72 in 

Aq = 1(0.507) /4 = 0.1963 in? 

A; = 0.1419 in? (UNC) 

_ AE _ 0.1419(30) 


k = = 5.9125 MIbfii 
aa 7 0.72 pn 
AgE — 0.1963(30 
tte OO 11.978 Mibein 
ly 0.500 
1 
ky = 3.936 Mlbf/in Ans. 


~ (1/5.9125) + (1/11.778) 
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Member stiffness for four frusta and joint constant C using Eqs. (8-20) and (e). 

lop frustum:  D=0.15,t =O0.5,d =05,b =30 = sy =]33.30 Mibi/in 

2nd frustum: D = 1.327,t=0.11,d=0.5,£ =145 = ky =173.8 Mibfiin 
3rd frustum: D=0.860,t =0.515,E=14.5 => = k3 = 21.47 Mibf/in 

Fourth frustum: D =0.75,t=0.095,d =0.5,£ =30 => ky = 97.27 Mibi/m 


4 -1 
km = (>> 1] = 10.79 Mlbf/in | Ans. 
i=l 


C = 3.94/(3.94 + 10.79) = 0.267 Ans. 


8-25 


_ AE _ 0.1419(30) 


— 2 — 5.04 Mibf/in Ans. 
aan’ 0.845 ee 


From Fig. 8-21, 
1 
h= 5 + 0.095 = 0.595 in 


d 0.5 
se ee emi 


D, = 0.75 + 0.845 tan 30° = 1.238 in 
1/2 = 0.845/2 = 0.4225 in 
From Eq. (8-20): 
Frustum 1; D=0.75,t = 0.4225 in,d =0.5in, E = 30 Mpsi => k, = 36.14 Mibf/in 
Frustum 2: D= 1.018 in, t= 0.1725 in, E= 70 Mpsi, d= 0.5 in > kp = 134.6 Mlbf/in 
Frustum 3: D=0.75,t = 0.25 in,d = 0.5 in, E = 14.5 Mpsi => kz = 23.49 Mibf/in 
ee ee eee 
(1/36.14) + (1/134.6) + (1/23.49) 
_ 5.04 
5.04 + 12.87 


= 12.87 Mlbf/in Ans. 


= (0.281 Ans. 
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8-26 Referto Prob. 8-24 and its solution. Additional information: A = 3.5 in, D, = 4.25 in, static 
pressure 1500 psi, Dp = 6 in, C (joint constant) = 0.267, ten SAE grade 5 bolts. 
_ 1 2(4.257) 


= 1 = 2128 lbf 
10 Z (1500) 8 lb 


From Tables 8-2 and 8-9, 
A; = 0.1419 in? 
Sp = 85.000 psi 
F; = 0.75(0.1419)(85) = 9.046 kip 
From Eq. (8-28), 
eee SpAr — Fi _ 85(0.1419) — 9.046 


= = 5.31 Ans. 
CP 0.267(2.128) 


8-27 From Fig. 8-21, t; = 0.25 in 
h = 0.25 + 0.065 = 0.315 in 
l=h-- (d/2)=0315 + 6/16) = 05025 in 
D, = 1.5(0.375) + 0.577(0.5025) = 0.8524 in 
Dy = 1,5(0.379) = 0.5625 10 
1/2 = 0.5025/2 = 0.251 25 in 


Frustum 1: Washer 


isan re 

a i 
E=30Mpsi, ¢=0.065in, D=0.5625 in 
k = 78.57 Mibf/in (by computer) 


Frustum 2: Cap portion 
co 0.6375" | | 


Ams 


i 


fee 0.8524" er 
E = 14Mpsi,_ ¢t = 0.18625 in 
D = 0.5625 + 2(0.065)(0.577) = 0.6375 in 
k = 23.46 Mibf/in (by computer) 


Frustum 3: Frame and Cap 
TV 

<— 0.5625" —> 
E=14Mpsi,  ¢ =0.25125in, D=0.5625 in 
k = 14.31 Mibf/in (by computer) 


1 
or (1/78.57) + (1/23.46) + (1/14.31) 


= 7.99 Mlbf/in Ans. 
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For the bolt, L7 = 2(3/8) + (1/4) = lin. So the bolt is threaded all the way. Since 
A; = 0.0775 in? 


0.0775(30 
i = DELO 2465 wibtin Ane: 
0.5025 


8-28 
(@) f= RF, 24.500 


Half of the external moment is contributed by the line load in the interval 0 < 0 < z. 


a a 
= i; F,R’ sin do = / Fh, maxR sin” 6 do 
0 


2 Jo 

M 

> = 9 ene 
M 


from which F;, = —_ 
b,max x R2 


2) M go M 
Fu = [ FR sin@ dé = aoe Rsin@ dd = pcos o1 — cos ¢2) 
Noting ¢; = 75°, ¢2 = 105° 

12 000 


= ——(cos 75° — cos 105°) = 494 lbf Ans. 
(8/2) 


max 


(b) PoP. Riise 3S 
ee eae ~~ t R2 N) RN 
2(12.000) 


max — 


(c) F = Fyax sind 


M = 2Fmax R[(1) sin? 90° + 2 sin® 60° + 2 sin? 30° + (1) sin?(0)] = 6FmaxR 


from which 
M12 
Fax = > = peat = 500 lbf Ans. 
6R = 6(8/2) 
The simple general equation resulted from part (b) 
2M 
Fax = >7 
RN 
8-29 (a) Table 8-11: Sp = 600 MPa 
Eq. (8-30): =F; = 0.9A;S, = 0.9(245)(600)(10~+) = 132.3 kN 
Table (8-15): K =0.18 


Eq. (8-27) T = 0.18(132.3)(20) = 476N-m_ Ans. 
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(b) Washers:t = 3.4 mm,d= 20mm, D = 30mm, EF = 207 GPa => k; = 42175 MN/m 
Cast iron: tf = 20 mm, d = 20 mm, D = 30 + 2(3.4) tan 30° = 33.93 mm, 
E=135GPa => = k,=7885 MN/m 
Steel: ¢ = 20 mm, d = 20 mm, D = 33.93 mm, E = 207 GPa => k3 = 12090 MN/m 

km = (2/42 175 + 1/7885 + 1/12090)~! = 3892 MN/m 


Bolt: Lg = 46.8 mm. Nut: H = 18 mm. L > 46.8 + 18 = 64.8 mm. Use 
L = 80mm. 


Lr = 2(20) + 6 = 46 mm, Jy = 80 — 46 = 34 mm, J, = 46.8 — 34 = 12.8 mn, 
A; = 245mm’, Ag = 1207/4 = 314.2 mm? 
— AgA;,E  _—-314.2(245)(207) 
> Aal; + Arla 314.2(12.8) + 245(34) 


= 1290 MN/m 


C = 1290/(1290 + 3892) = 0.2489, S,=600MPa, F; = 132.3 kN 


SpA: — F; _ 600(0.245) — 132.3 
C(P/N) —_—(0.2489(15/4) 


= 15.7. Ans. 


Bolts are a bit oversized for the load. 


8-30 (a) ISOM 20 x 2.5 grade 8.8 coarse pitch bolts, lubricated. 
Table 8-2 A; = 245 mm? 
Table 8-11 Sp = 600 MPa 
Aq = 1(20)7/4 = 314.2 mm? 
Fy = 245(0.600) = 147 kN 
F; = 0.90F, = 0.90(147) = 132.3 kN 
T = 0.18(132.3)(20) = 476N-m_ Ans. 
(b) L>Lg+H = 48+ 18 = 66 mm. Therefore, set L = 80 mm per Table A-17. 
Ly =2D4+6= 2(20) + 6 = 46 mm 
lg= L—Lr =80-46= 34mm 
l, = Lg —lg = 48 — 34 = 14mm 
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AgA:E 14.2(245)(2 
jp IO 9. Na 
Aah + A;la 314.2014) + 245(34) 


eae ata 


|< 3() ———_>| 
Use Wileman et al. 
Eq. (8-23) 
A = 0.78715, B=0.62873 
kin Bd 20 
—=$A — | = 0.7871 .62 —]|] = 1.022 
Ed exp (=) 0.787 15 exp [0.6 8 73 (3) 0229 
km = 1.0229(207)(20) = 4235 MN/m 
_ 1251.9 
~ 1251.9 + 4235 


Bolts carry 0.228 of the external load; members carry 0.772 of the external load. Ans. 
Thus, the actual loads are 


Fy = CP + F; = 0.228(20) + 132.3: = 136.9 KN 
Pye UO = O)P =F = (1 = 0.228)20 = 1323 = —116.9 EN 


=0.228 


8-31 Given Pmax = 6 MPa, Pmin = 0 and from Prob. 8-20 solution, C = 0.2346, F; = 37.9 kN, 


A; = 84.3 mm’. 
For 6 MPa, P = 10.6 KN per bolt 
F; — 37.9(108 
= = a = 450 MPa 
At 84.3 
Eq. (8-35): 


_ CP _ 0.2346(10.6)(10°) 
~~ 2A, 2(84.3) 
Om = 0q +0; = 14.75 + 450 = 464.8 MPa 


Oa 


= 14.75 MPa 


(a) Goodman Eq. (8-40) for 8.8 bolts with S$, = 129 MPa, S,; = 830 MPa 

— Se( Sur — Fi) 129(830 — 450) 

~~ SutSe ~~: 830+ 129 
Sa _ 51.12 


a a ie 
"fo (14.75 a 


Sa 


=5112.MPa4 
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(b) Gerber Eq. (8-42) 


I 
oe 5, [Suv S2, + 48e(Se + 01) — Sz, — 204 Se 


_ 2 
= os [ 830,\/8302 + 4(129)(129 + 450) — 830? — 2(450)(129)] 


= 76.99 MPa 
OO oes 
ge ee es 


(c) ASME-elliptic Eq. (8-43) with S, = 600 MPa 


Se 
Sa = Ss (Spy/83 + 82 - 0? - oS) 
Sas ey we F : 


129 


= ———____ [600,/6002 + 1292 — 4502 — 450(129)] = 65.87 MP 
ZOE 1792 | 900v 600" + 0? — 450(129)] = 65.87 MPa 
65.87 
ng = —— =4.47 Ans. 
TO 14,75 
8-32 : : 
pA «2D*p _— 1(0.92)(550) 
p= = ——_“"* — 9.72 kN/bolt 
N 4N 4(36) . 
Table 8-11: Sy = 830 MPa, S,; = 1040MPa, S, = 940 MPa 
Table 8-1: A; = 58 mm? 
Aq = 1(107)/4 = 78.5 mm? 
Lg =D+E=204+25=45 mm 
Lr = 2(10) + 6 = 26 mm 
Table A-31: H=84mm 


L>Lg+H =454+84=53.4mm 
Choose L = 60 mm from Table A-17 
lg=L-—Lr =60—26= 34mm 
lL, = Lg -—lg =45 —-34= 11mm 


AaA:E 78.5(58)(207) 
= = — 332.4 MN/ 
> Aah + Ala 78.5(11) +584) = 
1 
A A 
22.5 20 
j | 
Y A 
r4+@ TO 


«10 >| 
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Frustum 1: Top, E = 207,t = 20 mm,d = 10 mm, D= 15 mm 
0.57747 (207)(10) 
in| om +15—- al (2 + 7) 
1.15520) + 15+ 10] \15— 10 
= 3503 MN/m 
Frustum 2: Middle, E = 96 GPa, D = 38.09 mm,t = 2.5 mm,d = 10 mm 


0.57747 (96)(10) 
{| Sos + 38.09 — a (55 + 3) 


kj = 


— 


ko = 
1.155(2.5) + 38.09 + 10 | \ 38.09 — 10 
= 44044 MN/m 


could be neglected due to its small influence on kj». 
Frustum 3: Bottom, E = 96 GPa, ft = 22.5 mm,d = 10 mm, D = 15 mm 


= 0.57747r(96)(10) 
— in | | 12155(22:5) + 15 — 10] 15 + 10 
n 
1.155(02-5) 215 4+ 10.1). 15 = 10 
— 1567 MN/m 
1 
a= = 1057 MN/m 
(1/3503) + (1/44.044) + (1/1567) 
332.4 
C= _. = 0990 
332.4 + 1057 


F; = 0.75A;Sy = 0.75(58)(830)(10~7) = 36.1 kN 
Table 8-17: S. = 162 MPa 


F; 36.1(10% 
oj = = (10) _ 622 MPa 
At 58 
(a) Goodman Eq. (8-40) 
Se( Sut — 07) 162(1040 — 622) 
S,= = = 56.34 MP. 
a Ses 1040 + 162 : 
56.34 
nf= 0 = 2.82 Ans. 


(b) Gerber Eq. (8-42) 


Sa [Suey 82 + ASo(Se + 0;) _ a — 20; S| 


1 
D8: 
1 

~ 2(162) 


= 86.8 MPa 


[ 1040,/10402 + 4(162)(162 + 622) — 1040* — 2(622)(162)] 
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CP _ 0.239(9.72)(10°) 


— = 20 MP. 
ume Te 2(58) 
S, 86.8 
nf = “= — =434 Ans. 
Oa 20 


(c) ASME elliptic 


Se ae 


162 
eg cee [ 8308302 + 162? — 622? — 622(162)] = 84.90 MPa 
84.90 
ng = —— = 4.24 Ans. 
t20 


8-33. Let the repeatedly-applied load be designated as P. From Table A-22, S,; = 


93.7 kpsi. Referring to the Figure of Prob. 4-73, the following notation will be used for the 
radii of Section AA. 


r,= lin, ro=2in, re=1.5in 
From Table 4-5, with R = 0.5 in 
0.57 ; 
— 2(15 7 Vis? 053) = 1.457 107 in 
€=re—fn = 1.5 — 1.457 107 = 0.042 893 in 

Co =o — Tn = 2 — 1.457 109 = 0.542 893 in 
Ci = Tn — 7 = 1.457107 — 1 = 0.457107 in 
A = 1(17)/4 = 0.7854 in” 


If P is the maximum load 


M = Pr. =1.5P 


P P 1.5(0.4 
gee ise he je OP) oof ep 
er; ) 0.7854 0.0429(1) 


on 21.62P 
Og = Om = oy = 5) = 10.81P 


(a) Eye: Section AA 
ka = 14.4(93.7) 9718 = 0.553 
de = 0.37d = 0.37(1) = 0.37 in 


0.37\ 70-107 
ky = | —~ = 0.978 
0.30 


ke = 0.85 
S, = 0.504(93.7) = 47.2 kpsi 
Se = 0.553(0.978)(0.85)(47.2) = 21.7 kpsi 
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(b) 


(c) 


Since no stress concentration exists, use a load line slope of 1. From Table 7-10 for 
Gerber 


a 


93.72 17 
1+ 1+(4 


2 
= = = 20.65 kpsi 
2(21.7) 93.7 ) ae 


Note the mere 5 percent degrading of S. in Sg 
Sq _ 20.65(10°) _ 1910 
o,  1081P #£-P 


Thread: Die cut. Table 8-17 gives 18.6 kpsi for rolled threads. Use Table 8-16 to find 
Se for die cut threads 


nf = 


Se = 18.6(3.0/3.8) = 14.7 kpsi 
Table 8-2: 


A; = 0.663 in? 

e=]P/A,= 7/0.003 = 151F 

6g =04 =6/2 = 1LS5IP/2=]0755P 
From Table 7-10, Gerber 


Se Tee pres eee : 14.5 ksi 
= — = : Sl 
@ = 914.7) 120 P 


Sa 14500 19 200 
i — = = 
I oq 0.755P iP 
Comparing 1910/P with 19200/P, we conclude that the eye is weaker in fatigue. 
Ans. 


Strengthening steps can include heat treatment, cold forming, cross section change (a 
round is a poor cross section for a curved bar in bending because the bulk of the mate- 
rial is located where the stress is small). Ans. 


Forns = 2 


P= = 955 lbf, max. load Ans. 


8-34 (a) 


(b) 


41 
L > 1.5+2(0.134) + ‘A 2.41 in. Use L = 25 in Ans. 


Four frusta: Two washers and two members 


; al i \ 

y || | T\ 0.134" 
. |" 

F ‘ 
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Washer: E = 30 Mpsi, t = 0.134 in, D = 1.125 in,d = 0.75 in 


Eq. (8-20): ky = 153.3 Mibf/in 
Member: E = 16 Mpsi, t = 0.75 in, D = 1.280 in, d = 0.75 in 
Eq. (8-20): ky = 35.5 Mibf/in 
1 
km = 14.41 Mlbf/in Ans. 


~ (2/153.3) + (2/35.5) 
Bolt: 
Lr = 2(3/4) +1/4 = Phin 
Lg = 2(0.134) + 2(0.75) = 1.768 in 
lq = L—Lr =2.50— 1.75 = 0.75 in 
l, = Lg —1q = 1.768 — 0.75 = 1.018 in 
A; = 0.373 in’ (Table 8-2) 
Ag = 1(0.75)"/4 = 0.442 in? 
AgArE 0.442(0.373)(30) 


b= = = 6.78 Mibf/in 
Aali + Arla 0.442(1.018) + 0.373(0.75) 
6.78 
Se a. Ana 
rT ad 


(c) From Eq. (8-40), Goodman with S$, = 18.6 kpsi, S,; = 120 kpsi 
_ 18.6[120 — (25/0.373)] 


= 7.11 kpsi 
a 120 + 18.6 ” 
The stress components are 
P sey 
Oa = . = a = 2.574 kpsi 
2A; 2(0.373) 

F; 25 . 
n= — = 2.5744 —— = 69.6k 
a ee + 0373 a 

S, 7A1 
: Oa 2.574 


(d) Eq. (8-42) for Gerber 


So = : 120. / 1202 + 4(18.6) { 18.6 + 7 10 2 : 
“~~ 2(18.6) , "0.373 0.373 


= 10.78 kpsi 
10.78 
np =>, =4.19 Ans. 
2.574 
85 
(e) Nprof = A rea cA Oo 1.17 Ans. 


2.654 + 69.8 


Ans. 
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8-35 
(a) Table 8-2: A; = 0.1419 in? 

Table 8-9: Sp = 85 kpsi, Sy; = 120 kpsi 

Table 8-17: Se = 18.6 kpsi 
F; = 0.75A;Sp = 0.75(0.1419)(85) = 9.046 kip 

c= ae 0.236 
4.94 + 15.97 

Og = Oe 0.832P kpsi 


2A,  2(0.1419) 
Eq. (8-40) for Goodman criterion 
__ 18.6(120 — 9.046/0.1419) 
— 120 + 18.6 
Sa Ty 
nf = eS ODS M_ = 
Og  0.832P 
(b) Eq. (8-42) for Gerber criterion 


1 9.046 9.046 
= 120, / 1207 + 4(18.6) | 18.6 + — 120? —2 18.6 
2(18.6) 0.1419 0.1419 


= 7.55 kpsi 


=> P=454kip Ans. 


= 11.32 kpsi 
Sa 11.32 
nf — = 
Oa 0.832P 
From which 
ace 6.80 kip A 
= =, I ns. 
(0.832) Poa 


(c) og = 0.832P = 0.832(6.80) = 5.66 kpsi 
Om = Se Og = 11.32 + 63,75 = 75.07 kpsi 
Load factor, Eq. (8-28) 
_ SpA; — Fi _ 85(0.1419) — 9.046 


— = 1.88 Ans. 

CP 0.236(6.80) i 
Separation load factor, Eq. (8-29) 
F; 9.046 
n= = = 1.74 Ans. 
(1—C)P  6.80(1 — 0.236) 
8-36 Table 8-2: At = 0.969 in? (coarse) 
A; = 1.073 in? (fine) 
Table 8-9: Sp =74kpsi, Sy: = 105 kpsi 


Table 8-17: Se = 16.3 kpsi 
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Coarse thread, UNC 
F; = 0.75(0.969)(74) = 53.78 kip 
F; _ 53.78 


oj = — = — =55.5 kpsi 
A; 0.969 
CP. . 030P 
== = 0.155P kpsi 
2A; — 2(0.969) 
Eq. (8-42): 
S2= 2163) [105.1052 + 4(16.3)(16.3 + 55.5) — 105° — 2(55.5)(16.3)] = 9.96 kpsi 
Sa 9.96 
nf SS = = 
Sy, -UI65P 
From which 
9.96 
= ——. = 32.13 kip Ans. 
0.155(2) il 


Fine thread, UNF 
F; = 0.75(1.073)(74) = 59.55 kip 


59.55 
i; = —— =55.5 kpsi 
0, 1073 55.5 kpsi 
0.32P 
Og = ————— = 0.149P kpsi 
24 1.073) 
Sa = 9.96 (as before) 
Sa 9.96 
nf SSS — 
Oqg  0.149P 
From which 
9.96 
= = 33.42 kip Ans. 
0.149(2) aan 
Percent improvement 
33.42 — 32.13 
—_——(] =4 Ans. 
oo oe ee 


8-37 


For aM 30 x 3.51SO 8.8 bolt with P = 80 kN/bolt and C = 0.33 


Table 8-1: A; = 561 mm? 
Table 8-11: Sp = 600 MPa 
Sut = 830 MPa 


Table 8-17: Se = 129 MPa 
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F; = 0.75(561)(10"*)(600) = 252.45 kN 
__ 252.45(107*) 


0; = 450 MPa 
561 
P. 0, 10° 
eee aica ies 
2Ar 2(561) 
Eq. (8-42): 
1 
= 2129) [ 830/830? + 4(129)(129 + 450) — 8307 — 2(450)(129)] = 77.0 MPa 


Fatigue factor of safety 
Sa. 770 


np =—=——S = 3.27 Ans. 
Oa 23.53 


Load factor from Eq. (8-28), 
_ SpAr— F; _ 600(10~*)(561) — 252.45 
= CPR 0.33(80) 


n = 3.19 Ans. 


Separation load factor from Eq. (8-29), 
i 252.45 


nh= = =4.71 Ans. 
(l1—C)P (1 —0.33)(80) 


8-38 
(a) Table 8-2: A; = 0.0775 in? 
Table 8-9: Sp = 85 kpsi, Sy; = 120 kpsi 
Table 8-17: Se = 18.6 kpsi 
Unthreaded grip 


AgE _ 1(0.375)°(30) 


a 43.5) = 0.245 Mibf/in per bolt Ans. 


Am = “[(D +2) — D*]= “(475° — 4°) = 5.154 in” 


AmE 5.154 1 
£0 a  (E ) 29 daa abtinibole: Ans 
i i2 \6 
(b) F; = 0.75(0.0775)(85) = 4.94 kip 
oj = 0.75(85) = 63.75 kpsi 
2000 
Papi || = 4189 Ibf/bolt 
0.245 + 2.148 


_ CP _ 0.102(4.189) 


= —_— = = 2.77 kpsi 
2A; 2(0.0775) 
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Eq. (8-40) for Goodman 
_ 18.6(120 — 63.75) 


= 955 kus 
a 120 + 18.6 pst 
S, 7.55 
= gag 


(c) From Eq. (8-42) for Gerber fatigue criterion, 


a 


= 318.6) [ 120,/1202 + 4(18.6)(18.6 + 63.75) — 120° — 2(63.75)(18.6) | 


= 11.32 kpsi 
S3 11.32 


nf=—-= >a zT= 4.09 Ans. 
Oa 2.77 


(d) Pressure causing joint separation from Eq. (8-29) 


FE 
ee | 
(1—C)P 
a eee 2 
—f=C¢ 30002 °°". 
P5500 
aS Bee An 
P= A 7(4/4 pn ae 


8-39 This analysis is important should the initial bolt tension fail. Members: S, = 71 kpsi, 
Ssy = 0.577(71) = 41.0 kpsi. Bolts: SAE grade 8, Sy = 130 kpsi, Ssy = 0.577(130) = 
75.01 kpsi 


Shear in bolts 


2 
Ase 2 | = 0.221 in? 
A,Sey  0.221(75.01 
Fp=—— = : d 5 53icin 
n 


Bearing on bolts 

Ap = 2(0.375)(0.25) = 0.188 in? 

ApSyc _ 0.188(130) 
n ~ 2 


F, = = 12.2 kip 


Bearing on member 
__ 0.188(71) 


fe nea 
e 2.5 227 p 


Tension of members 
A; = (1.25 — 0.375)(0.25) = 0.219 in? 
0.219(71 


P=] mn(5 53, 12.2,5.34,5.18)=S518 hp Ans. 


The tension in the members controls the design. 
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8-40 Members: S, = 32 kpsi 
Bolts: Sy = 92 kpsi, Ssy = (0.577)92 = 53.08 kpsi 


Shear of bolts 
0.375)" 
A, =o el = 0.221 in? 
4 
Fs 4 , 
T= — = —— = 18.1 kpsi 
As; 0.221 
5. ; 
r= —~= aa08 = 2.93 Ans. 
t 18.1 


Bearing on bolts 
Ap = 2(0.25)(0.375) = 0.188 in? 
= 


= —— = —21.3 kpsi 

0.188 _ 
S 92 

PS a = 4.32 Ans. 
lop] = | —21.3| 

Bearing on members 

Sye 32 

n= = = 1.50 Ans. 
|op| |—21.3] 


Tension of members 


A; = (2.375 — 0.75)(1/4) = 0.406 in? 
4 
0. == = 9D ps 


~ 0.406 
oF : 3.25 A 
ee ee ns. 
A, 9.85 . 


8-41 Members: Sy = 71 kpsi 
Bolts: Sy = 92 kpsi, S;y = 0.577(92) = 53.08 kpsi 


Shear of bolts 
F = SsyA/n 
53.08(2 4)(7/8)? 
F,= SIDI) «. 35.46 kip 
1.8 
Bearing on bolts 
2(7/8)(3/4)(92 
fp TIO? _aeeoide 
22 
Bearing on members 
2(7/8)(3/4)(71 
pa OD 2 ae eatin 


2.4 
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Tension in members 


_ (3 — 0.875)(3/4)(71) 


F 
: 2.6 


= 43.52 kip 


F = min(35.46, 54.89, 38.83, 43.52) = 35.46 kip Ans. 
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8-42 Members: Sy = 47 kpsi 
Bolts: Sy = 92 kpsi, S;y = 0.577(92) = 53.08 kpsi 
Shear of bolts 
75)? 
jer ae 
4 
zs 15.08 kpsi 
Ts = ———— = 15. si 
* = 3(0.442) r 
Ssy 53.08 
= — = —— =3,52 Ans. 
"<7, ~ 15.08 
Bearing on bolt 
20 ' 
Oop =— = —14.22 kpsi 
3[(3/4) - (5/8)] 
Sy 92 
=== = = 6.47 Ans. 
es (=a) io 
Bearing on members 
F 20 ' 
0p = —-— = — = —14,.22 kpsi 
Ap 3[(3/4) - (5/8)] 
ae eee ae 
Oe. a 
Tension on members 
F 20 : 
7=—= = 6.10 kpsi 
A (5/8)[7.5 — 3(3/4)] 
Ss 4 
je, SU age Ans. 
8-43 Members: Sy = 57 kpsi 
Bolts: Sy = 92 kpsi, S;y = 0.577(92) = 53.08 kpsi 
Shear of bolts 
3/8)? 
Ay =3 [zee = 0.3313 in? 
F A 
Z=—= : = 16.3 kpsi 
A 0.3313 
RY , 
poe Sao, Ans. 


Ts 16.3 
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3\ (5 
Ap = 3 (=) (=) = 0.3516 in’ 


Bearing on bolt 


=: = 1536E 
To OBSIG Pst 
s 92 
n=—~=- = 5.99 Ans 
os —15.36 


Bearing on members 
Ap = 0.3516 in? (From bearing on bolt calculations) 


op = —15.36 kpsi (From bearing on bolt calculations) 
Sy a7 
SSS ee lel AM, 
aa (=s38) = 


Tension in members 
Failure across two bolts 


A= ED 2 2S = a = 0.5078 in? 
16 8 8 
F 5.4 
= — = ~—— = 10.63 kpsi 
A 0.5078 
Sy 57 
=~ =—_ = 536 A 
o, 10.63 - 
8-44 2.8 kN 
350 C 350 By symmetry, R} = Rp = 1.4 kN 
R R, 
Ry 
ale "Mz =0 1.4(250) —50R,4 =0 = R4=7kKN 
LAKN eee Ry SoMa = 0 200(1.4) -SORg =O => Rp =5.6kKN 


Members: S, = 370 MPa 
Bolts: Sy = 420 MPa, Ss) = 0.577(420) = 242.3 MPa 


Bole sheak: Aes = (10°) = 96°54 mime 
7(103) 
= — 89.13 MP 
= 7854 7 


S. 2404 
AS ES 
T 89.13 
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Bearing on member: Ap = td = 10(10) = 100 mm 
—7(10° 
j= ow) = —70 MPa 
100 
5 = 
gee a0 
oO —70 


Strength of member 
AtA, M = 1.4(200) = 2830 N-m 


| 3 3 3 4 
k= qe? ) — 10(10°)] = 103.3(10°) mm 


Mc 280(25) 
oA = T= T9330 17? . 
Ss, 370 
ee AG 
OA 67.76 


At C, M = 1.4(350) = 490 N-m 


1 3 3 4 
Te = 55 (10)(50*) = 104.2(10°) mm 


490(25) 3 
= — ——— (10°) = 117.56 MP. 
°c = Foa.2c0y 7”? “ 
S 370 
n=—= = 3.15 < 5.46 C more critical 
feral 117.56 


n= min(2./2,5.29,3.15) = 2.7/2 Ans. 


8-45 


F, = 3000 Ibf 
Ba OOO) gees 
7 
! aa 
7. 
H = —in 
LY 16 


1 1 
eG er ees eee 


EN eK NI} 


L> Lgo+H = 1.095 +(7/16) = 1.532 in 


ESTOS) 


| 
Zz 


i 


| 


aaa | 
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ig=LIs—125=05 
l= 1,095 = 0.5 = 0.595 


0.5)? 
9 a ON 6 06st? 
Ay = 04419 in 
4AE 
pee 
Aal; + Atla 


_ 0.1963(0.1419)(30) 
~ 0.1963(0.595) + 0.1419(0.5) 
= 4.451 Mibf/in 


/x— 0.75" —>| 


\ i” 


0.5" >| 
Two identical frusta 


A=0187 15,8 =0.628 73 


d 
km = EdA exp (0.028 Be) 
Le 


0.5 
= : .787 1 .628 73 —— 
30(0.5)(0.787 15) exp (0 628 73 a3) 


km = 15.733 Mlbffin 
4.451 
~ 4.451 + 15.733 
Sp = 85 kpsi 
F, = 0.75(0.1419)(85) = 9.046 kip 
o; = 0.75(85) = 63.75 kpsi 
_ CP +F; _ 0.2205(1.286) + 9.046 


_ = = 65:95 ne 
oe A, 0.1419 O2;4> Rust 


= 0.2205 


F. 
= — 3 _ 45,98 kpsi 


A, 0.1963 


von Mises stress 


1/2 


oa! = (of +312) = [65.747 + 3(15.287)]!/* = 70.87 kpsi 


Stress margin 
m = S, — 0’ = 85 — 70.87 = 14.1 kpsi_ Ans. 
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8-46 2, 2P(200) = 12(50) 
2p 12 KN 12(50) 
= a P= (200) = 1.5 KN per bolt 
. | F; = 6 kN/bolt 
Sp = 380 MPa 
A, = 245 mm?, Ag = = (207) = 314.2 mm? 
F; = 0.75(245)(380)(10~3) = 69.83 kN 
69.83(103) 
; = ———— = 285 MP 
oy 745 85 MPa 
CP i; 0,.30(1.5) + 69.83 3 
Ob re ( 745 ye 0°) 87 MPa 
F, — 6(10°) 
"Ag 3142 : 
o’ = [287 + 3(19.17)]'/? = 289 MPa 
m = S, — 0’ = 380 — 289 = 91 MPa 
Thus the bolt will not exceed the proof stress. Ans. 
8-47 Using the result of Prob. 6-29 for lubricated assembly 


_ 2nfT 
*"~ 0.18d 
With a design factor of ng gives 
Te 0.18ng Fd _ 0.18(3)(1000)d 


_ = 716d 
nf 27(0.12) 
or T/d = 716. Also 
‘4 
7 = KO.75SpAn) 
= 0.18(0.75)(85 000) A; 
= 11475A, 
Form a table 
Size At T/d = 11 475A; n 
i — 28 0.0364 417.7 1.75 
2-24 0.058 665.55 2.8 
2 — 24 0.0878 1007.5 4.23 


The factor of safety in the last column of the table comes from 
_ 2nf(T/d) — 2n(0.12)(T/d) 


= = 0.0042(T /d 
O18 Fy 0.18(1000) ee) 
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Select a 2" — 24 UNE capscrew. The setting is given by 
T = (11475A;)d = 1007.5(0.375) = 378 Ibf - in 


Given the coarse scale on a torque wrench, specify a torque wrench setting of 400 Ibf - in. 
Check the factor of safety 


2x fT 27 (0.12)(400) 4.47 
n = I“ = OOOO Cc 7 
0.18F,.d — 0.18(1000)(0.375) 


8-48 26 >| 
I : I 
FA FR Fo | 
| | 
| | 
I i 50 50 i I 
og “—a- | 
| A Gal 
| B I 
| M I 
Fy Fe I 
I I 
| | 

I< 152 >| 


Bolts: S, = 380 MPa, Sy = 420 MPa 
Channel: t = 6.4 mm, S, = 170 MPa 
Cantilever: S, = 190 MPa 
Nut: H = 10.8 mm 
Lr = 2(12) +6 = 30mm 
L>12+6.4+4 10.8 = 29.2 mm 
Therefore, use L = 30 mm 
All threads, so A; = 84.3 mm? 


F,+Fht+ Fi = F/3 
M = (50 +26 + 125)F =201F 
, _ 201F 


f= 7) = ——-.=9 01F 
= © ~~ (50) 


1 
Fo=FO+FE= (5 + 2.01) F = 2.343F 


Bolts: 
The shear bolt area is As = A; = 84.3 mm? 


Ssy = 0.577(420) = 242.3 MPa 


—3 
he Ssy (As \ _ 242.3(84.3)07%) _ ree 
n \2.343 2.8(2.343) 
Bearing on bolt: For a 12-mm bolt, 
dm = 12 — 0.649 519(1.75) = 10.86 mm 
Ap = tdm = (6.4)(10.86) = 69.5 mm? 
S A 73 
_ Sy b \ _ 420 [69.5(10-*) enn 
n \ 2.343 om: 2.343 
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Bearing on member: 


Ap = 12(10.86) = 130.3 mm? 


-3 
F- 170 ee ) 


2.8 2.343 


= = 3.38 kN 
mR | 


Strength of cantilever: 
1 
[= 73 (12)(50" — 12°) = 1.233(10°) mm? 


I 1.233(10°) 
C 25 
oe M — 4932(190) 
~ 151 2.8(151)(103) 


22 KN 


So F = 2.22 KN based on bending of cantilever Ans. 


8-49 F’ =4kN; M = 12(200) = 2400N-m Fi, =4kN 
; , 2400 A 
Fa ~ Fp _ 64 = 37.5 KN F'" = 37.5 kN 7 


Fa = Fp = (4)? + (37.5)? = 37.7 kN Ans. 


a‘. Fi, =4kN 
Fo =4kN Ans. 
-—-—O—-— 


Bolt shear: 
127 32 
As = ae = 113 mm” Fp = 4kN 
37.710)" Oy 373 
= NY axe Ane ee 
113 
Bearing on member: 
Ap = 12(8) = 96 mm* 
37.7(10)3 
o= 2 = —393 MPa Ans. 
96 
Bending Stress in plate: ol bk 
—— 
bh? bd? bd? 
I =—_ —- —_ -2( —_ +a’bd ; 
12 12 12 a 
8(136)  8(12)3.-_. [8(12)3 7 
eae + (32)7(8)(12) ; . 
{2 12 12 a 4 
6 4 A oe 
= 1.48(10)° mm” Ans. r 
M = 12(200) = 2400 N-m yo 


Mc _ 2400(68) 
I 1.48(10)6 


(10)? = 110 MPa_ Ans. 
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8-50 ee sami Fi, = 150 Ibf : Fi, = 150 Ibf 
165 ny ny | 
2 2 
V = 300 lbf 
F" = 1650 Ibf Fi = 1650 Ibf 
4950 
Shear of bolt: i, =f,= = 1650 Ibf 
Wee “(0.5 — 0.1963 in? F,4 = 1500 lbf, Fp = 1800 Ibf 
_ F 1800 pions Bearing on bolt: 
a Ap = 5 (5) = 0.1875 in? 
Ssy = 0.577(92) = 53.08 kpsi 
F 1800 
53.08 ee ee ee i 
9.17 
ie 9.58 A 
n=—=9. : 
9.6 . 
. 54 
Bearing on members: Sy = 54 kpsi,n = a6 3.03. AMS: 
Strength of members: Considering the right-hand bolt liv 
M = 300(15) = 4500 Ibf - in 
3 3 
I= 0.375(2)” _ 0.375(0.5) — 0.246 int ft I 
12 12 i 7 
M 4 1 
gig os UD 2 Aosta 
I 0.246 
54(10)° 
= (9) = 2,95. Ans. 
18 300 eee 
=z 


8-51 The direct shear load per bolt is F’ = 2500/6 = 417 lbf. The moment is taken only by the 
four outside bolts. This moment is M = 2500(5) = 12500 Ibf - in. 
12500 


Thus F” = 26) = 1250 lbf and the resultant bolt load is 


F = (417)? + (1250)? = 1318 lbf 


Bolt strength, Sy = 57 kpsi; Channel strength, S, = 46 kpsi; Plate strength, S, = 45.5 kpsi 
Shear of bolt: Ay = 1(0.625)"/4 = 0.3068 in? 


_ Ssy _ (0.577)(57 000) 


= — = —__—__ = 7.66 Ans. 
c 1318/0.3068 
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Bearing on bolt: Channel thickness is t = 3/16 in; 
57 000 


Ap = (0.625)(3/16) = 0.117 in’; n = ————__ = 5.07 Ans. 
pao) ™ >" = 7318 /0.117 — 
46 000 
Bearing on channel: — 1318/0117 = 4.08 Ans. 
Bearing on plate: Ap = 0.625(1/4) = 0.1563 in? 
45 500 1" 
= —___ = 5,40 Ans. i ae 
” = 7318/0.1563 io : 
Strength of plate: a ee 
7, 0:25(7.5)% _ 0.25(0.625) a? 
~~ a2 12 
0.25(0.625)* ry 75 5 4 ; 
-2| DD + (3) (=) (2.5)" | = 6.821 in 5" --—-}— 75 
M = 6250 lbf - in per plate 
Mc _ 6250(3.75) 
—- — = 4 
o 7 6.821 3436 psi ee 
4 
n= =e = 13.2 Ans. Y 
3436 


8-52 Specifying bolts, screws, dowels and rivets is the way a student learns about such compo- 


nents. However, choosing an array a priori is based on experience. Here is a chance for 
students to build some experience. 


8-53 Now that the student can put an a priori decision of an array together with the specification 
of fasteners. 


8-54 Acomputer program will vary with computer language or software application. 
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9-1 Eq. (9-3): 


F = 0.707hIt = 0.707(5/16)(4)(20) = 17.7 kip Ans. 


9-2 Table 9-6: Ta, = 21.0 kpsi 
f = 14.85h kip/in 
= 14.85(5/16) = 4.64 kip/in 
F= fl=4.64(4) = 18.56kip Ans. 


9-3 Table A-20: 
1018 HR: Sy; = 58 kpsi, Sy = 32 kpsi 
1018 CR: Sy; = 64 kpsi, Sy, = 54 kpsi 
Cold-rolled properties degrade to hot-rolled properties in the neighborhood of the weld. 


Table 9-4: 

Tal = min(0.30S,,;, 0.405) ) 
min[0.30(58), 0.40(32)] 
min(17.4, 12.8) = 12.8 kpsi 


for both materials. 


Eq. (9-3): F =0.707hI tan 
F = 0.707(5/16)(4)(12.8) = 11.3 kip Ans. 


9-4 Eq. (9-3) 


T= gee = ¥2(32) = 18.1 kpsi Ans. 
Al (5/16)(4)(2) 


9-5 b=d=2i0 


(a) Primary shear Table 9-1 


V F 
( —— 


AG pis 
yA 1.414(5/16)(2) 
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Secondary shear Table 9-1 
_ dGb?+d*) — 2[G)Q*) +27] 


u 7 ‘ = 5.333 in? 
J =0.707hJ, = 0.707(5/16)(5.333) = 1.18 int 
Mr, 7F( 
Pg a RSG iG 


7 ‘ J 1.18 


Maximum shear 


Tmax = [0/2 + (th + el? = F593? + (1.13 + 5.93)? = 9.22F kpsi 


a 2.17 kip Ans. (1) 
922 922 
(b) For E7010 from Table 9-6, Ta; = 21 kpsi 
Table A-20: 
HR 1020 Bar: Sut =55 kpsi, Sy = 30 kpsi 
HR 1015 Support: Sut = 50 kpsi, Sy = 27.5 kpsi 


Table 9-5, E7010 Electrode: S,; = 70 kpsi, Sy = 57 kpsi 
Therefore, the bar controls the design. 
Table 9-4: 
Tait = min[0.30(50), 0.40(27.5)] = min[15, 11] = 11 kpsi 
The allowable load from Eq. (1) is 


pee ep 
769° G99 ee eer 
9-6 b=d=2in 
} 
a 
Primary shear 
, Vv F 
r= = 0.566F 


y "A ~ 4(0.707)(5/16)(2) 
Secondary shear 
_(b+dy _ (2+2) 
— 6 6 
J =0.707hJ, = 0.707(5/16)(10.67) = 2.36 in* 
wa 
J 2.36 


Table 9-1: di — 10.67 in? 


= 297F 
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Maximum shear 


Tmax = 4 [t2 + (th, + 01)? = F297 + (0.556 + 2.97)? = 4.61F kpsi 


Tall 
F= 


= dws 
cot oo 


which is twice Tmax /9.22 of Prob. 9-5. 


9-7 Weldment, subjected to alternating fatigue, has throat area of 
A = 0.707(6)(60 + 50 + 60) = 721 mm* 
Members’ endurance limit: AISI 1010 steel 
Sut = 320 MPa, S, = 0.504(320) = 161.3 MPa 


kq = 272(320) °°? = 0.875 
kp = 1 (direct shear) 

k. = 0.59 (shear) 

kg=1 


1 1 
Krs 2.7 


Sse = 0.875(1)(0.59)(0.37)(161.3) = 30.81 MPa 


ke 


Electrode’s endurance: 6010 

Sut = 62(6.89) = 427 MPa 

S, = 0.504(427) = 215 MPa 

kq = 272(427)~°°”? = 0.657 

kp = 1 (direct shear) 

k. =0.59 (shear) 

kg=1 

kp = 1/ Ky, = 1/2.7 = 0.370 

Sse = 0.657(1)(0.59)(0.37)(215) = 30.84 MPa = 30.81 
Thus, the members and the electrode are of equal strength. For a factor of safety of 1, 


F, = tA = 30.8(721)(10-3) = 22.2kN_ Ans. 
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9-8 Primary shear t'=0 (why?) 
Secondary shear 
Table 9-1: Jy = 2ar? = 2n(4)° = 402 cm? 
J =0.707hJ, = 0.707(0.5)(402) = 142 cm* 
M=200F N-m _ (F inkN) 
Mr _ (200F)(4) 


A 


=2.82F (2 welds) 


OF ~ 242) 
a —-«:140 
a2 Tl "2405 EN Ang. 
tT! 2.82 
9-9 | Rank 
Ju B12 a? a 
Pe ee = —_ = 0,0833 (| — 
0 Th ah «12h ( h ) ©) 
| | a(3a7+a*) a? a 
bias 6(2a)h 3h ( h ) i” 
| (2a)* —6a*a? 5a?” a° 
f a = = 0.2083 {| — 
om 12a + ayzah 24h h © 
| 1 [8a +6a*+a3 a‘ ia a” 
ae 2 = = 0.3056 ( — 
— sar | 12 ara 36 h (7) 2 
[| Qa? 1 8a @ a* 
ne = = — =0,3333 ( — 
0 6h da 24ah 3h h © 
©) 2n(a/2_ aa? a” 
f (oz = = = 0.2 = 
om aah Aah = 4h 0.25 h 3) 


These rankings apply to fillet weld patterns in torsion that have a square areaa x a in 
which to place weld metal. The object is to place as much metal as possible to the border. 
If your area is rectangular, your goal is the same but the rankings may change. 


Students will be surprised that the circular weld bead does not rank first. 


EZ Lie 1 1 2 2 
| peta tos (4 —~—(* \ — 0.0833 (7% 6) 
ik at) \a) ek i 


3 2 
ite : = (5) = 0.0833 (-) 6) 


9-10 


ae 
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! P -_ 1 ae _ 1 a2 _ a 
a fom! = ih = [ah ( ; ) (3a +a) = 7 (7) = 0.1667 (5) (2) 


. b&b @ . d* aa 
X= 2-=>2-, y= = = 
22 2: b+2d 3a 3 
03 2 3 4 2 3 
I, = — -20 (2) +@420(=) == -2430(4) a5 
3 9 3 
L ore 1l4e@ az 
fom’ = = = = 0.1111, — 
0 Th Bah 5(F) (5) ® 
O ‘ 
IL, =xr = — 
mr : 


fom 


ee oi @ @) 


ih mah 8h h 
The CEE-section pattern was not ranked because the deflection of the beam is out-of-plane. 


If you have a square area in which to place a fillet weldment pattern under bending, your 
objective is to place as much material as possible away from the x-axis. If your area is rec- 
tangular, your goal is the same, but the rankings may change. 


9-11 


Materials: 
Attachment (1018 HR) S, = 32 kpsi, Sys; = 58 kpsi 
Member (A36) Sy = 36 kpsi, S,; ranges from 58 to 80 kpsi, use 58. 


The member and attachment are weak compared to the E60XX electrode. 

Decision Specify E6010 electrode 

Controlling property: Tat’ = min[0.3(58), 0.4(32)] = min(16.6, 12.8) = 12.8 kpsi 
For a static load the parallel and transverse fillets are the same. If n is the number of beads, 


F 
t= -—_____ = 
n(0.707)hl 
nh = — = ee = 0.921 
0.707ta,  0.707(3)(12.8) 
Make a table. 
Number of beads Leg size 
n h 
1 0.921 
2 0.460 > 1/2" 
3 0.307 — 5/16" 
4 0.230 > 1/4" 


Decision: Specify 1/4" leg size 
Decision: Weld all-around 
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Weldment Specifications: 


Pattern: All-around square 

Electrode: E6010 

Type: Two parallel fillets Ans. 
Two transverse fillets 

Length of bead: 12 in 

Leg: 1/4 in 


For a figure of merit of, in terms of weldbead volume, is this design optimal? 


9-12 


Decision: Choose a parallel fillet weldment pattern. By so-doing, we’ ve chosen an optimal 
pattern (see Prob. 9-9) and have thus reduced a synthesis problem to an analysis problem: 


Table 9-1: A = 1.414hd = 1.414(h)(3) = 4.24h in? 


Primary shear 


foe 3000 707 
YA 424h h 


Secondary shear 


_ d(3b*+d*) — 3[3(3) +37] 


Table 9-1: Jy = 2 7 = 18 in? 
J = 0.707(h)(18) = 12.7h in* 
Ne Mry _ 3000(7.5)(1.5) _ 2657 afl 
- 7 12.7h h y 


Tmax = ee + (t+ 7/2 = (2657 + (707 + 2657)? = “ 
Attachment (1018 HR): S, = 32 kpsi, $,; = 58 kpsi 
Member (A36): S) = 36 ‘di 
The attachment is weaker 
Decision: Use E60XX electrode 
Tait = min[0.3(58), 0.4(32)] = 12.8 kpsi 


87 
Tmax = Tall = “i = 12800 psi 


4287 : 
h = ——— = 0.335 in 
12 800 


Decision: Specify 3/8" leg size 


Weldment Specifications: 
Pattern: Parallel fillet welds 
Electrode: E6010 
Type: Fillet Ans. 
Length of bead: 6 in 
Leg size: 3/8 in 


252 
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An optimal square space (3" x 3") weldment pattern is || or — or LJ. In Prob. 9-12, there 
was roundup of leg size to 3/8 in. Consider the member material to be structural A36 steel. 


Decision: Use a parallel horizontal weld bead pattern for welding optimization and 
convenience. 


Materials: 
Attachment (1018 HR): S$, = 32 kpsi, Sy; = 58 kpsi 
Member (A36): S, = 36 kpsi, S,; 58-80 kpsi; use 58 kpsi 
From Table 9-4 AISC welding code, 
Tat! = min[0.3(58), 0.4(32)] = min(16.6, 12.8) = 12.8 kpsi 
Select a stronger electrode material from Table 9-3. 
Decision: Specify E6010 
Throat area and other properties: 
A = 1.414hd = 1.414(h)(3) = 4.24h in? 
¥Sb/2=3/2=} 1:5 in 
y=H0d/2=3/2=15m 
d(3b?+d?) — 3[3(3) +37] 
a ae 6 
J =0.707hJ, = 0.707(h)(18) = 12.73h int 


J — 18in? 


Primary shear: 
, VV _ 3000 — 707.5 


Ty = = = 
A 4.24h h 


i 
|" 
— 7 
ENS. . 
r nT 
" Tx 
- —y 
ry 


Secondary shear: 
of AE 


J 


Mr, 


// // eo} Mr [o} 
T. =T cos 45° = cs 45° = 


1 3000(6 + 1.5)(1.5) _ 2651 
12.73h h 
yy. 2651 


a laa 
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Tmax = nice ar ra le ler 


I 
= ZV (2651 + 707.5)? + 26512 


4279 
= —— psi 
i p 


Relate stress and strength: 
Tmax = Tall 


4279 
— 12 800 


4279 ‘ 2 
h = —— = 0.334 in > 3/8 in 
12 800 


Weldment Specifications: 


Pattern: Horizontal parallel weld tracks 

Electrode: E6010 

Type of weld: Two parallel fillet welds 

Length of bead: 6 in 

Leg size: 3/8 in 
Additional thoughts: 
Since the round-up in leg size was substantial, why not investigate a backward C 4 weld 
pattern. One might then expect shorter horizontal weld beads which will have the advan- 


tage of allowing a shorter member (assuming the member has not yet been designed). This 
will show the inter-relationship between attachment design and supporting members. 
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Materials: 
Member (A36): Sy = 36 kpsi, Sy; = 58 to 80 kpsi; use S,; = 58 kpsi 
Attachment (1018 HR): S, = 32 kpsi, Sy; = 58 kpsi 

Tat = min[0.3(58), 0.4(32)] = 12.8 kpsi 


Decision: Use E6010 electrode. From Table 9-3: S$, = 50 kpsi, S,; = 62 kpsi, 
Tat) = min[0.3(62), 0.4(50)] = 20 kpsi 


Decision: Since A36 and 1018 HR are weld metals to an unknown extent, use 
Tall = 12.8 kpsi 


Decision: Use the most efficient weld pattern — square, weld-all-around. Choose6" x 6" size. 
Attachment length: 
fh =6+a=6+4 6.25 = 1225 in 
Throat area and other properties: 
A = 1.414h(b + d) = 1.414(h)(6 + 6) = 17.0h 
b 6 d 6 
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Primary shear 
,  V _F _ 20000 _ 1176 


T= = = 
YA A 17h h 


psi 
Secondary shear 
_ (b+)? _ (6+6) 
u— 6 —_ 6 
J = 0.707h(288) = 203.6h in* 


Mry  20000(6.25+3)(3) 2726 
— = 1 
J 203.6h he © 


= 288 in? 


iL = ty = 


1 4760 
<= ye (ty +e)? = ZV 2726 + (2726 + 1176)? = = psi 


Relate stress to strength 


Tmax = Tall 
4760 
— = 12800 
h 
4760 
h = —— = 0.3721 
12800 03721" 


Decision: 

Specify 3/8 in leg size 

Specifications: 

Pattern: All-around square weld bead track 
Electrode: E6010 

Type of weld: Fillet 

Weld bead length: 24 in 

Leg size: 3/8 in 

Attachment length: 12.25 in 
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This is a good analysis task to test the students’ understanding 

(1) Solicit information related to a priori decisions. 

(2) Solicit design variables b and d. 

(3) Find / and round and output all parameters on a single screen. Allow return to Step 1 
or Step 2 

(4) When the iteration is complete, the final display can be the bulk of your adequacy 
assessment. 


Such a program can teach too. 


9-16 


The objective of this design task is to have the students teach themselves that the weld 
patterns of Table 9-3 can be added or subtracted to obtain the properties of a comtem- 
plated weld pattern. The instructor can control the level of complication. I have left the 
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presentation of the drawing to you. Here is one possibility. Study the problem’s opportuni- 
ties, then present this (or your sketch) with the problem assignment. 


Section AA 


Bi < oo 


NI 


| 
| 


A36 A | ss b 
10000 Ibf 


Body welds Attachment weld 
not shown pattern considered 


Use b, as the design variable. Express properties as a function of b;. From Table 9-3, 
category 3: 
A = 1.414h(b — by) 


%=b/2, j=d/2 
bd> bid? _ (b—bi)d? 


Tu = _ 
2 9 a 
I =0.707h1, 
a a F 
~ A 1.414h(b — by) 
Mc 2 Fa(d/2) 
I 0.707hI, 


Tmax = [7/2 + 7/72 


Parametric study 


Leta = 10in, 6 =8 m1, d= 8 in, by = 210, tay = 12.8 eps, d= 28 — 2) Sm 


A = 1.414h(8 — 2) = 8.48h in? 

I, = (8 — 2)(87/2) = 192 in? 

I = 0.707(h)(192) = 135.7h in’ 
, 10000 1179 

= 348h Ah 

,, 10000(10)(8/2) 2948 
=—“959h ao 


1 3175 
Tmax = ae 4+ 29482 — aie 12 800 


from which h = 0.248 in. Do not round off the leg size — something to learn. 


I, 192 
ee oF 
Al 0.248(12) 


A = 8.48(0.248) = 2.10 in? 
I = 135.7(0.248) = 33.65 in* 
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h2 0.2482 
vol = >! = 5 12 = 0.369 in? 


I 33.65 
Re hee ee 
vol 0.369 7 
1179 
ee et aay 
o = ag 
2948 

ee i 
t 0.248 887 psi 

4127 


Tmax = ——— = 12800psi 
0.248 


Now consider the case of uninterrupted welds, 
b; =0 
A = 1.414(h)(8 — 0) = 11.31h 
I, = (8 — 0)(87/2) = 256 in? 
I = 0.707(256)h = 181h in* 
, 10000 _ 884 
— 1131h oh 
_ 10000(10)(8/2) _ 2210 
7 181h oh 


1 2380 
Tmax = —V 8847 + 22107 = = Tal 


h 


_ tmx _ 7380 _ 6 ig6in 
Tall 12 800 


Do not round off h. 
A = 11.31(0.186) = 2.10 in? 


I = 181(0.186) = 33.67 
884 0.1867 


/ 


16 = 0.277 in? 


= —— = 47 i 1 = 
T 0.186 53 psi, vo 
a — 11 882 psi 
= —_ = iL: 
0.186 Ps 
I, 2 
fom’ = — = — = 86.0 
hl 0.186(16) 
I 33.67 
eff = = 121.7 


(h2/2)1  (0.1862/2)16 


Conclusions: To meet allowable stress limitations, / and A do not change, nor do t and a. To 
meet the shortened bead length, h is increased proportionately. However, volume of bead laid 
down increases as h”. The uninterrupted bead is superior. In this example, we did not round h 
and as a result we learned something. Our measures of merit are also sensitive to rounding. 
When the design decision is made, rounding to the next larger standard weld fillet size will 
decrease the merit. 
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Had the weld bead gone around the corners, the situation would change. Here is a fol- 
lowup task analyzing an alternative weld pattern. 


bi 

+ | 

Li 
——a 


9-17 From Table 9-2 
For the box 


A= 1.414h(b+d) 


Subtracting b; from b and d; from d 


length of bead 


A= 1.414h(b—b, +d —d,) 


d? d? bd? 
I, = —Gb+ d) — + - —_ 
| + d) G 5 
== bra (d° — d?) 
2 6 ? 


b=2(b— by +d — dj) 
fom = 1,/ hl 


9-18 


Below is a Fortran interactive program listing which, if imitated in any computer language 
of convenience, will reduce to drudgery. Furthermore, the program allows synthesis by in- 
teraction or learning without fatigue. 


C Wel 


d2.! 


for rect. 


print 


l print*, ‘weld2. 
*, ‘gaps allowed - C. Mischke Oct. 98’ 


print*,’ 7 


print*, ‘Enter 


fillet beads resisting bending C. Mischke Oct 98 


frectangular fillet weld-beads in bending,’ 


largest permissible shear stress tauall’ 


read*,tauall 


print*, ’Enter 


force F and clearance a’ 


read*,F,a 


print*,’Enter 
read*,b,d 
xbar=b/2. 
ybhar=d/2. 
print*,’Enter 


width b and depth d of rectangular pattern’ 


width of gap bl, and depth of gap dl’ 


print*,’both gaps central in their respective sides’ 


read*,b1,dl1 
Iu=(b-b1) *d** 


x 


x1l=2.* (d-d1)+2 


2/2.+(d**3-d1**3) /6. 
C= D1) 
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C Following calculations based on unit leg h = 1 
AA=1.414* (b-b1+d-d1) 
xXxT=0.707*xIu 
tau2=F*a*d/2./xI 
taul=F/AA 
taumax=sqrt (tau2**2+taul**2) 
h=taumax/tauall 
C Adjust parameters for now-known h 


AA=AA*h 

Xl=xI*h 

tau2=tau2/h 

taul=taul/h 

taumax=taumax/h 

fom=xTu/h/xl 

print*,’F='’,F,’ a=’,a,’ bead length = ‘',xl 
prank*; ba" -b;) ble" ;bl;’ d=’ -ds" dle’ ,dl 
print*,’xbar='’,xbar,’ ybar=',ybar,’ Iu=’,xIu 
print*,’I=',xI,’ tau2=',tau2,’ taul=’,taul 

print*, ’‘taumax='’,taumax,’ h=’,h,’ A=',AA 
print*,’fom=’,fom, ‘I/(weld volume) =’,2.*xI/h**2/x1 
prant*;" 7 

print*,’To change bl,dl: 1; b,d: 2; New: 3; Quit: 4’ 


read*, index 

go to (3,2,1,4), index 
4 call exit 

end 


9-19 = Tt, = 12 800psi. Use Fig. 9-17(a) for general geometry, but employ — beads and then || 
beads. 


Horizontal parallel weld bead pattern 


From Table 9-2, category 3 


A = 1.414hb = 1.414(h)(6) = 8.48 h in? 
x=b/2=6/2=3in, y=d/2=8/2=4in 


2 2 
_ OE OO zion 
2 2 
I = 0.707h1,, = 0.707(h)(192) = 135.7h in* 
, 10000 1179. 
= = ps1 


C= = 
8.48h h 
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wr _ Me _ 10000(10)(8/2) _ 2948 


I 133:1h h 


1 3175 
MmeHaVvror eS (i179 + 29487)1/? — a 
Equate the maximum and allowable shear stresses. 
3175 
Tmax = Tall = ——_ = 12 800 
h 
from whichh = 0.248 in. It follows that 
I = 135.7(0.248) = 33.65 in* 
The volume of the weld metal is 
h?l—-0.248°(6 + 6 
vol = — = aE = 0.369 in? 
2 2 
The effectiveness, (eff), is 
I 33.65 
(eff)y = — = —— = 91.2in 
vol 0.369 
j L, 192 . 
(fom’)y = = 64.5 in 


hl 0.248(6 + 6) 
Vertical parallel weld beads 


: 6" 5 


b=6in 
d = 8in 


From Table 9-2, category 2 
A = 1.414hd = 1.414(h)(8) = 11.31h in? 


psi 


%=—b/2=6/2=3in, jy=d/2=—8/2=4in 


3 3 
I, = ae — a = 85.33 in? 
6 6 
I = 0.707h1, = 0.707(h)(85.33) = 60.3h 
, 10000 884 


ii 
, Mc 10000(10)(8/2) 6633 
5 = = ps1 


I 60.3h h 
I 
tx =r? tr? = 7, (884° + 66337)'/? 
6692 


ee 
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Equating Tmax to Tay gives h = 0.523 in. It follows that 
I = 60.3(0.523) = 31.5 in* 


h?l 0.523? 
Vola 5 (8 + 8) = 2.19 in? 
I 31.6 
ff)y = — = —_ = 14.43 
(ety = = 2190 i 
i 85.33 
(fom’)y = = 10.2in 


hl 0.523(8 + 8) 
The ratio of (eff)y/(eff)y is 14.4/91.2 =0.158. The ratio (fom’)y/(fom’)y is 
10.2/64.5 = 0.158. This is not surprising since 


y I 0.707 hI, a ; 
ef = — = = — 1.414 = 1.414 fom 
vol (h2/2)l—(h2/2)1 hl 


The ratios (eff) /(eff)y and (fom’)y/(fom’)y give the same information. 


9-20 Because the loading is pure torsion, there is no primary shear. From Table 9-1, category 6: 


Jy = 2nr? = 201) = 6.28 in? 
J = 0.707 hJy, = 0.707(0.25) (6.28) 


= 1.11in* 
Tr 20(1 
pe a ai hid Ane 
7 ti 
9-21 h =0.375in, d=8in, b=1in 


From Table 9-2, category 2: 
A = 1.414(0.375)(8) = 4.24 in* 


@ 8 
I, = Cao 85.3 in? 
I = 0.707hI, = 0.707(0.375)(85.3) = 22.6 in4 
F 5 
Ce eT Te pet 
oA 424 BEDS! 


M = 5(6) = 30kip- in 
e=(U4841-2)/2=4im 


Mc 30(4) 
a a aaik 
eS og 


Tmax = VU? + 02 = V/1.182 + 5.312 
=5.44kpsi Ans. 


Chapter 9 261 


9-22 h=0.6cm, b=6cm, d=12cm. 


Table 9-3, category 5: 


a ee A = 0.707h(b + 2d) 
h- 
niall = 0.707(0.6)[6 + 2(12)] = 12.7 cm? 
2 122 
+ ae y= é a = 4.8cm 
b+2d  6+2(12) 
12. a 
I, = — —2d7y + (b+ 2d)y" 
es 3 y+ (b+ 2Zd)y 
2(12)° 5 5 
a 9(12°) (4.8) +: 16 + 2(12))14.8 
— 461 cm? 
I = 0.707h1,, = 0.707(0.6)(461) = 196 cm* 
F  7.5(10° 
He FON gi 4s 
A 12.7(102) 
M =7.5(120) = 900N-m 
cA = 7.2 cm, CBR = 4.8cm 


The critical location is at A. 


» Mca _ 900(7.2) 


= = — 33.1 MP 
"A= 7 Sac end 
Tmax = VU2 + 7/2 = (5.91? + 33.17)? = 33.6 MPa 
Tall 120 
= = —— =3,57 Ans. 
eae 3000 a 


9-23 The largest possible weld size is 1/16 in. This is a small weld and thus difficult to accom- 
plish. The bracket’s load-carrying capability is not known. There are geometry problems 
associated with sheet metal folding, load-placement and location of the center of twist. 
This is not available to us. We will identify the strongest possible weldment. 

Use a rectangular, weld-all-around pattern — Table 9-2, category 6: 


+ A = 1.414h(b +d) 
= 1.414(1/16)(1 + 7.5) 
= 0.751 in” 
a %=b/2=0.5in 
d 7.5 


i 
: 
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a 15 
ly = | Gb +d)= = BM + 7.5] = 98.4 in? 
I = 0.707h1, = 0.707(1/16)(98.4) = 4.35 in* 
M = (3.75 + 0.5)W = 4.25W 
, Vv WwW 


Bie 
=a ot 
Mc 425W(7.5/2 
re SOW) pena 
I 4.35 


Tmax = VU? + 02 = Wy/1.3322 + 3.6642 = 3.90W 


Material properties: The allowable stress given is low. Let’s demonstrate that. 


For the A36 structural steel member, S, = 36kpsi and S,; = 58kpsi. For the 1020 CD 
attachment, use HR properties of S$, = 30kpsi and S,; = 55. The E6010 electrode has 
strengths of S, = 50 and S,,; = 62 kpsi. 


Allowable stresses: 


A36: Tan = min[0.3(58), 0.4(36)] 
= min(17.4, 14.4) = 14.4 kpsi 


1020: Tal! = min[0.3(55), 0.4(30)] 
Tal = min(16.5, 12) = 12 kpsi 


E6010: Ta’ = min[0.3(62), 0.4(50)] 
= min(18.6, 20) = 18.6 kpsi 


Since Table 9-6 gives 18.0 kpsi as the allowable shear stress, use this lower value. 


Therefore, the allowable shear stress is 
Tay = min(14.4, 12, 18.0) = 12 kpsi 


However, the allowable stress in the problem statement is 0.9 kpsi which is low from the 
weldment perspective. The load associated with this strength is 


Tmax = Tall = 3.90W = 900 


900 
W= og 231 lbf 
If the welding can be accomplished (1/16 leg size is a small weld), the weld strength is 
12 000 psi and the load W = 3047 Ibf. Can the bracket carry such a load? 

There are geometry problems associated with sheet metal folding. Load placement is 
important and the center of twist has not been identified. Also, the load-carrying capability 
of the top bend is unknown. 

These uncertainties may require the use of a different weld pattern. Our solution pro- 
vides the best weldment and thus insight for comparing a welded joint to one which em- 
ploys screw fasteners. 
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9-24 


F=100lbf, tay = 3kpsi 
Fp = 100(16/3) = 533.3 lbf 

F = —533.3 cos 60° = —266.7 lbf 
Fi, = —533.3 cos 30° = —462 lbf 


It follows that R» = 562 lbf and R4 = 266.7 lbf, R4 = 622 lbf 
M = 100(16) = 1600 Ibf - in 


100 


266.7 


3 
266.7 


The OD of the tubes is 1 in. From Table 9-1, category 6: 
A = 1.414(thr)(2) 
= 2(1.414)(sh)(1/2) = 4.44h in? 
Jy = 2nr? = 2n (1/2)? = 0.785 in? 
J = 2(0.707)hJy = 1.414(0.785)h = 1.11h int 
ies Vi -622_~——s«d140 
A 4.44h h 
sc Tc _ Mc = 1600(0.5) _ 720.7 
Z J 1.11h h 


The shear stresses, t’ and t”, are additive algebraically 


1 861 
Tmax = 7-(140 + 720.7) = —— psi 


861 
Tmax = Tall = TT = 3000 
h 
jp 2" ore = se 
= = 0. > 
3000 


Decision: Use 5/16 in fillet welds Ans. 
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9-25 


For the pattern in bending shown, find the centroid G of the weld group. 


6(0.707)(1/4)(3) + 6(0.707)(3/8)(13) 


a 6(0.707)(1/4) + 6(0.707)(3/8) 
= 9in 
11/4 = 2 (Ig + Az) 
3 
= a ae, + 0.707(1 /4(616)| 
= 82.7in* 
3 
y= pease a 0.70713/8)(6)4") 
= 60.4 in* 


1 = 14+ Isp = 82.7 + 60.4 = 143.1 in* 


The critical location is at B. From Eq. (9-3), 
F F 


(= 
2[6(0.707)(3/8 + 1/4)] 
» Mc _ (8F)(9) _ 
t= —— = Sa = 0.503F 


Tmax = VT? + 1/2 = FV0.1892 + 0.5032 = 0.537F 


Materials: 

A36 Member: Sy = 36 kpsi 

1015 HR Attachment: S,, = 27.5 kpsi 
E6010 Electrode: Sy = 50 kpsi 


Tal = 0.577 min(36, 27.5, 50) = 15.9 kpsi 
= Tay /n = 15.9/2. 
~ 0.537. 0.537 


= 14.8kip Ans. 


9-26 Figure P9-26b is a free-body diagram of the bracket. Forces and moments that act on the 
welds are equal, but of opposite sense. 


(a) M = 1200(0.366) = 439 Ibf-in Ans. 
(b) Fy = 1200sin30° = 600 Ibf Ans. 
(c) Fy, = 1200cos 30° = 1039 lbf Ans. 
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(d) From Table 9-2, category 6: 


(e) 


(f) 


(g) 


A = 1.414(0.25)(0.25 + 2.5) = 0.972 in? 
d? 25 8 
1, = | 3b +d)= —[3(0.25) + 2.5] = 3.39 in 


The second area moment about an axis through G and parallel to z is 


I =0.707h1,, = 0.707(0.25)(3.39) = 0.599 in* Ans. 


Refer to Fig. P.9-26b. The shear stress due to Fy is 
Fy 600 


SSS SS_ EES 617 i 

"A ~ 0.972 = 
The shear stress along the throat due to Fy is 
F 1039 

1 = — = —— = 1069 psi 
A 0.972 


The resultant of t; and 72 is in the throat plane 
c= (1? +22)" = (617 + 1069")!/? = 1234 psi 
The bending of the throat gives 
Mc  439(1.25) : 
"= =" = 916 
ae 0.599 ve 


The maximum shear stress is 


Tmax = (t? + 7/7)? = (1234? + 9167)!/? = 1537 psi Ans. 


Materials: 
1018 HR Member: S, = 32 kpsi, Sy; = 58 kpsi (Table A-20) 
E6010 Electrode: — $, = 50 kpsi (Table 9-3) 

Ssy _ 0.577Sy _ 0.577(32) 


= = 12.0 Ans. 
Tmax Tmax 1.537 


i= 


265 


Bending in the attachment near the base. The cross-sectional area is approximately 


equal to bh. 


A, = bh = 0.25(2.5) = 0.625 in? 
F. 1039 
= — = —_ = 1662 psi 
oy = A 0.625 a 


I bd? _ 02505) 


— = = 0.260 in? 
= G 6 m 
At location A 
Fy  M 
oy = — + —— 
¥ Ay Ife 
600 439 
= —— + ~~ = 2648 psi 


Oy= 
0.625 0.260 
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(h) 


The von Mises stress o” is 


172 


o' = (0) + 3t;,) © = (2648? + 3(1662)7]'? = 3912 psi 


Thus, the factor of safety is, 


The clip on the mooring line bears against the side of the 1/2-in hole. If the clip fills 
the hole 


F 1200 rae 
C= — — S1 
td 0.25(0.50) P 
Sy 32(10°) 
ee: ee 949 tne 
BS) —9600 me 


Further investigation of this situation requires more detail than is included in the task 
statement. 
In shear fatigue, the weakest constituent of the weld melt is 1018 with S,,, = 58 kpsi 


S, = 0.504S,,, = 0.504(58) = 29.2 kpsi 


Table 7-4: 
ka = 14.4(58)-°-7!8 = 0.780 


For the size factor estimate, we first employ Eq. (7-24) for the equivalent diameter. 


de = 0.808V0.707hb = 0.808,/0.707(2.5)(0.25) = 0.537 in 
Eq. (7-19) is used next to find ky 


d —0.107 0.537 —0.107 
ee = = 0.940 
0.30 0.30 


The load factor for shear k,, is 
Ke = 059 
The endurance strength in shear is 
Sse = 0.780(0.940)(0.59)(29.2) = 12.6 kpsi 
From Table 9-5, the shear stress-concentration factor is Ks = 2.7. The loading is 


repeatedly-applied. 


max 1.537 : 
a 2.7-— = 2.07 kpsi 


Ta = Tm = kr 


Table 7-10: Gerber factor of safety nf, adjusted for shear, with S;,, = 0.67Sy: 
1 1 0.67(58) ]? (2.07 2(2.07)(12.6) ]? 
— 4 1 — 5.55 Ans. 
a 2.07 (=) + * | saan - 


Attachment metal should be checked for bending fatigue. 
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9-27. Useb=d = 4 in. Sinceh = 5/8 in, the primary shear is 
‘ F 

© © TA14(5/8)(4) 

The secondary shear calculations, for a moment arm of 14 in give 

_ 4[3(47) +47] 


= 0283 


= 42.67 in? 
6 in 
J =0.707h J, = 0.707(5/8)42.67 = 18.9 in* 
Mr, 14F(2) 
" " a _ 
Z =t = 7 ao 1.48F 


Thus, the maximum shear and allowable load are: 
Tmax = F 1.482 + (0.283 + 1.48)? = 2.30F 
a 20 , 
8 = S870 ip Ang: 
2.30 2.30 


From Prob. 9-5), Tay = 11 kpsi 


cee 
340° 230 °° 


The allowable load has thus increased by a factor of 1.8 Ans. 


Fan = 


9-28 Purchase the hook having the design shown in Fig. P9-28b. Referring to text Fig. 9-32a, 
this design reduces peel stresses. 


9-29 (a) 


a 
II 


if Pwcosh(wx) 
—_—__—__x 
TJ 1/2 4b sinh(ol/2) 


1/2 
Ay f cosh(wx) dx 
-1/2 


A, . 1/2 
= — sinh(ox) 
oO) =1/2 


= “*sinh(ol/2) — sinh(—ol /2)] 


= AL sinh(col /2) — (—sinh(@l/2))] 
(62) 


__ 2A, sinh(ol /2) 


w 
Po . 
= ——_— [2 sinh(al/2)] 
4bl sinh(al /2) 
T= — Ans. 


2bl 
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(b) Se Se, A 
4b sinh(al /2) 4b tanh(@l /2) 

(c) 

_ t(l/2) _ Po 2b1 

= Ab sinh(wl /2) ( P ) 

ol /2 
— ae. ns. 
tanh(@! /2) 


For computer programming, it can be useful to express the hyperbolic tangent in terms 


of exponentials: 
_ wl exp(al /2) — exp(—al /2) 
2 exp(wl /2) + exp(—al /2) 


9-30 This is a computer programming exercise. All programs will vary. 
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10-1 


10-2, A=Sd™ 
dim(Auscu) = dim(S) dim(d”) = kpsi - in” 
dim(Ag1) = dim(S1) dim (dj") = MPa - mm” 
Ast = —~ - ——Arscu = 6.894 757(25.40)"" Auscu = 6.895(25.4)” Auscu Ans. 

kpsi in” 

For music wire, from Table 10-4: 
Auscu = 201, m=0.145;  whatis Asy? 

Ast = 6.89(25.4)°'*(201) = 2214 MPa. mm” Ans. 


10-3. Given: Music wire, d = 0.105 in, OD = 1.225 in, plain ground ends, N; = 12 coils. 


Table 10-1: N,=N,-1=12-1=11 
L, = dN, = 0.105(12) = 1.26 in 
Table 10-4: A=201, m=0.145 
. 201 
(a) Eq. (10-14): Sut = (0.105)0-145 = 278.7 kpsi 
Table 10-6: Ssy = 0.45(278.7) = 125.4 kpsi 
D = 1.225 — 0.105 = 1.120 in 
ae D_ 1.120 | ee 
~ dad 0105 — 
4(10.67) + 2 
Eq. (10-6): Kz = ————. = 1.126 
er’) # = 4(10.67) —3 
md?S, m(0.105)?(125.4)(103) 
Eq. (10-3): Flys = — = 45.2 lbf 
=) Ss = BRD 8(1.126)(1.120) 
d’G (0.105)*(11.75)(10°) 
Eq. (10-9): k= = = 11.55 lbf/i 
aa 8D? N, 8(1.120)3(11) v 
F\s,, 45.2 
Lo = Laan +1.26=5.17in Ans. 


k &— 711.55 
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(b) F\s, = 45.2 Ibf Ans. 
(c) k= 11.55 Ibf/in Ans. 
2..63D 2.63(1.120 
TC ae 
a 0.5 


Many designers provide (Lo)cr/Lo = 5 or more; therefore, plain ground ends are not 
often used in machinery due to buckling uncertainty. 


10-4 


Referring to Prob. 10-3 solution, C = 10.67, Ng = 11, Ssy = 125.4 kpsi, (Lo)er = 
5.89 in and F = 45.2 Ibf (at yield). 


Eq. (10-18): 4<C<12 C= 10.67 -O.K. 
Eq. (10-19): 3<N,<15 N,=1l OK. 
| ‘ ‘ 
Lo if F, 
L Y | 
L, 
Y 
K 


ig=J.Al im, y= 126m 
F; 30 


= ass 
aig S170 60057 
Vs 5.17 — 1.26 
et ee 80 
5 yi 2.60 
Eq. (10-20): £>0.15, £=050 OK. 


From Eq. (10-3) for static service 


8FiD 8(30)(1.120) | 
=K = 1.126] ~~~" | = 83224 
ee ( md ) 1(0.105)° sia 


S 125.4(102 
ns =— = ae 


T 83 224 
Eq. (10-21): te l2, ngeSHiol O.kK. 


= 7 22) = 93204 (2:2) = 125391 psi 
ome ee a 30 ) aa 


Ssy/Ts = 125.4(10°)/125391 = 1 


Ssy/Ts = (Ns)a: Not solid-safe. Not O.K. 
Lo < (Loder: +5.17 < 5.89 Margin could be higher, Not O.K. 


Design is unsatisfactory. Operate over arod? Ans. 
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10-5 Static service spring with: HD steel wire, d = 2 mm, OD = 22 mm, N; = 8.5 turns plain 
and ground ends. 


Preliminaries 

Table 10-5: A = 1783 MPa-mm”, m=0.190 
1783 

Eq. (10-14): ee (20.190 = 1563 MPa 

Table 10-6: Ssy = 0.45(1563) = 703.4 MPa 

Then, 


D=OD—-d=22-—-2=20mm 
C =20/2 = 10 

4C+2 4(10)4+2 
- 46-3 4(10)—3 
Nag = 8.5 — 1 = 7.5 turns 
Ly, = 2(8.5) = 17mm 


= 1,135 


B 


Eq. (10-21): Use (ns)¢ = 1.2 for solid-safe property. 


_ Wd Ssy/nq _ 1(2)°(703.4/1.2) eos 


= ~ = 81.12N 
7 8KpD 8(1.135)(20) 10-3 


d*G (2)*(79.3) pereee 


6 


F, 81.12 

k  2643(10-3) 

(a) Lop = y+ Ls = 30.69+ 17 = 47.7 mm _ Ans. 

(b) Table 10-1: p = £0 = an =5.61mm Ans. 
N; 8.5 

(c) F; = 81.12 N (from above) Ans. 

(d) k = 2643 N/m (from above) Ans. 


(e) Table 10-2 and Eq. (10-13): 


= 30.69 mm 


Ys = 


2.63D  2.63(20) 
(Lo)er = = 
0.5 


(Lo)er/ Lp = 105.2/47.7 = 2.21 


= 105.2 mm 


This is less than 5. Operate over a rod? 


Plain and ground ends have a poor eccentric footprint. Ans. 


10-6 Referring to Prob. 10-5 solution: C = 10, Ng = 7.5, k = 2643 N/m, d = 2mm, 
D=20mm, F, = 81.12 N and N, = 8.5 turns. 


Eq. (10-18): A= C212, CHI10 Ox: 
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Eq. (10-19): 3<N,<15, Ng=75 OK. 
F, 75 
y= — = me = 28.4 mm 
k 2643(10-3) 
(y) $1,12(1,2) 36.8 
oryield = A7Aranan .o mm 
Yiforyield ~ 5643(10-3) 
81.12 
yy = ———— = 30.69 mm 
2643(10-3) 
(¥)for yield 36.8 
= oS 1 = —  ~—1 = 0.296 
5 yy 28.4 
Eq. (10-20): 0.15, €=]0296 0.5. 
Table 10-6: Ssy =0.45Sy: OK. 
As-wound 
F,D 8(81.12)(20 10° 
oe | 2 aa ras | Pee |_| L seenaps 
md? m(2)3 (10-3)3(10°) 
S 703.4 
Eq. (10-21): SY 586 = 1.2 O.K. (Basis for Prob. 10-5 solution) 
Ts 
Table 10-1: L,=N,d=8.3(2) = 17 mm 
l=! +L aa 47.7 
= —— ———— = ./ mm 
OR TS 9643 
2.63D  2.63(2 
e — oe) = 105.2 mm 
a 0.5 
Lo)cr 105.2 
(Loder _ 105.2 _ 4 94 
Lo 47.7 


which is less than 5. Operate over a rod? Not O.K. 


Plain and ground ends have a poor eccentric footprint. Ans. 


10-7. Given: A228 (music wire), SQ&GRD ends, d = 0.006 in, OD = 0.036 in, Lo = 0.63 in, 


N, = 40 turns. 
Table 10-4: A = 201 kpsi- in”, m=0.145 

D = OD — d = 0.036 — 0.006 = 0.030 in 

C= D/d=0,030/0.006=5 

ky = 4942 135 
Table 10-1: Nag = N; — 2 = 40 — 2 = 38 turns 
Sur = — = 422.1 kpsi 
(0.006)9-!45 


Ssy = 0.45(422.1) = 189.9 kpsi 
Gd* _ 12(10°)(0.006)* 


k= = 
8D3Na 8(0.030)7(38) 


= 1.895 lbf/in 
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Table 10-1: Ls = N;d = 40(0.006) = 0.240 in 
Now F, = kys where y, = Lo — Ls; = 0.390 in. Thus, 


8(ky,)D 8(1.895)(0.39)(0.030) = ; 
5 = K = 1.294 10 = 338.2 k 1 
a eek xd 77(0.006)3 go” Peo 
Ts > Ssy, that is, 338.2 > 189.9 kpsi; the spring is not solid-safe. Solving Eq. (1) for ys 
gives 


,  (ts/n)(rd3) ~~ (189 900/1.2)(2r)(0.006)3 
*s 8K gkD  _8(1.294)(1.895)(0.030) 
Using a design factor of 1.2, 
Lo = Ls + y, = 0.240 + 0.182 = 0.422 in 
The spring should be wound to a free length of 0.422 in. Ans. 


=0.182 in 


10-8 Given: B159 (phosphor bronze), SQ&GRD ends, d = 0.012 in, OD = 0.120 in, Lo = 
0.81 in, N; = 15.1 turns. 


Table 10-4: A= 145 kpsi-in”, m=0 

Table 10-5: G = 6 Mpsi 
D = OD — d = 0.120 — 0.012 = 0.108 in 
C = D/d =0.108/0.012 = 9 


ps ae 
Table 10-1: Ng = N; —2 = 15.1 — 2 = 13.1 turns 
Sac =i0 = 145 kpsi 
0.012° 
Table 10-6: Ssy = 0.35(145) = 50.8 kpsi 


, — Ga _ 6(10°)(0.012)" 
~ 8D3N, — 8(0.108)3(13.1) 


Table 10-1: Lg=an, =0012051) =0.181 im 
Now f= hye iy S Lg = hy = 0.81 — 0.181 = 0.629 in 


| ee 
= 1.152 
md3 (0.012)? 


= 0.942 Ibf/in 


t= Ko] (1077) = 108.6 kpsi (1) 


Ts > Ssy, that is, 108.6 > 50.8 kpsi; the spring is not solid safe. Solving Eq. (1) for y/ gives 
, — (Ssy/n)ad? — (50.8/1.2)(ar)(0.012)7(10°) 
8 8KgkD ~__8(1.152)(0.942)(0.108) 
Lo = Ls + y, = 0.181 + 0.245 = 0.426 in 
Wind the spring to a free length of 0.426 in. Ans. 


= 0.245 in 
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10-9 Given: A313 (stainless steel), SQ&GRD ends, d= 0.040in, OD = 0.240in, Lo = 
0.75 in, N; = 10.4 turns. 


Table 10-4: A = 169kpsi-in”, m=0.146 

Table 10-5: G = 10(10°) psi 
D = OD — d = 0.240 — 0.040 = 0.200 in 
C = D/d = 0.200/0.040 = 5 

_ 4(5) +2 


Kee= = 1.294 
4(5) — 3 
Table 10-6: Na = N; —2 = 10.4 — 2 = 8.4 turns 
169 . 
Sut = (0.040)9-146 = 270.4 kpsi 
Table 10-13: Ssy = 0.35(270.4) = 94.6 kpsi 


Gd* 10(10°)(0.040)* 

~ 8D3Na_8(0.2)3(8.4) _ 

Table 10-6: L; = dN, = 0.040(10.4) = 0.416 in 
Now F, = kys, ys = Lo — Ls = 0.75 — 0.416 = 0.334 in 


— psc?) = 1294 [SATOSHI 
ries a ee 7(0.040)3 


= 47.62 lbf/in 


Joo = 163.8kpsi (1) 


Ts > Ssy, that is, 163.8 > 94.6 kpsi; the spring is not solid-safe. Solving Eq. (1) for ys gives 
bo (S.,/m)Grd") _ (94 600/1.2)(zr)(0.040) 
S" 8KpkD ~——-8(1..294)(47.62)(0.2) 
Ly = Ls + y, = 0.416 + 0.161 = 0.577 in 


= 0.161 in 


Wind the spring to a free length 0.577 in. Ans. 


10-10 Given: A227 (hard drawn steel), d = 0.135 in, OD = 2.0 in, Lo = 2.94 in, N; = 5.25 


turns. 
Table 10-4: A= 140 kpsi- in”, m=0.190 
Table 10-5: G = 11.4(10°) psi 


D=O0D=2 2 — 0,135 = 1.86310 
C= D/d =1.865/0,135 = 13:81 


4(13.81) +2 
= —__———__ = 1.096 
BASS T\ a3 
Nag = N; — 2 = 5.25 — 2 = 3.25 turns 
140 ; 
ye = 204.8 kpsi 


(0.135)9-199 
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Table 10-6: Ssy = 0.45(204.8) = 92.2 kpsi 
_ Gd* __ 11.4(10°)(0.135)* 
8D3Na 8(1.865)3(3.25) 
Table 10-1: Lg =a Ny = 0.1356.25) = 0./09 im 
Now f= Aye Ve = Lo = by = 2.94 = 0,709 = 2.231 in 
= or | — 1.096 terre 
Ts > Ssy, that is, 106 > 92.2 kpsi; the spring is not solid-safe. Solving Eq. (1) for y; gives 
,  (Ssy/n)(rd3) (92. 200/1.2)(2)(0.135)° 
8" 8KgkD __ 8(1.096)(22.45)(1.865) 
Lo = Ls + y, = 0.709 + 1.612 = 2.321 in 


k = 22.45 Ibf/in 


(10-3) = 106.0 kpsi (1) 


= 1,612 10 


Wind the spring to a free length of 2.32 in. Ans. 


10-11 


Given: A229 (OQ&T steel), SQ&GRD ends, d = 0.144 in, OD = 1.0 in, Lo = 3.75 in, 
N, = 13 turns. 


Table 10-4: A = 147 kpsi- in”, m =0.187 

Table 10-5: G = 11.4(10°) psi 
D =OD —d = 1.0 — 0.144 = 0.856 in 
C = D/d = 0.856/0.144 = 5.944 


4(5.944 2 
B= SOE TEE = 1.241 
4(5.944) — 3 
Table 10-1: Ng = N; -—2 = 13-2 = 11 turns 
147 . 
Sut = (0.144)0-187 = 211.2 kpsi 
Table 10-6: Ssy = 0.50(211.2) = 105.6 kpsi 
Gd* 11.4(10°)(0.144)4 
k = Cra ) = 88.8 Ibf/in 


~ 8D3N, _8(0.856)3(11) 
Table 10-1: L, = dN, = 0.144(13) = 1.872 in 
Now. fF, = ky, Vy =] Loo Ly = 3.15 — 1.872 = 1,878 in 
8(kys)D 8)(L. 
(kys) aed fas 8)(1.878)(0.856) 


md 1(0.144)3 
Ts > Ssy, thatis, 151.1 > 105.6 kpsi; the spring is not solid-safe. Solving Eq. (1) for y, gives 
hes (Ssy/n)Grd*) _ (105 600/1.2)(27)(0.144)° 
5 8KBkD 8(1.241)(88.8)(0.856) 
Lo = Ls + y, = 1.878 + 1.094 = 2.972 in 
Wind the spring to a free length 2.972 in. Ans. 


t = Kp Joo = 151.1 kpsi (1) 


= 1.094 in 
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10-12 Given: A232 (Cr-V steel), SQ&GRD ends, d = 0.192 in, OD = 3 in, Lp = 9 in, N; = 


8 turns. 
Table 10-4: A = 169 kpsi- in”, m=0.168 
Table 10-5: G = 11.2(10°) psi 
D=OD—d=3-— 0.192 = 2.808 in 
C = D/d = 2.808/0.192 = 14.625 
4(14.625) + 2 
= ——__— = 1.090 
8 4(14.625) — 3 
Table 10-1: Ng = Ni —-2 =8—2 = 6 turns 
169 . 
Sut = (0.192)0-168 = 223.0 kpsi 
Table 10-6: Ssy = 0.50(223.0) = 111.5 kpsi 


_ Gd* __ 11.2(10°)(0.192)* 
~ 8D3Nq (2.808) 3(6) 


Table 10-1: Ly = aN; = 0.192(8) = 1.536 in 
Now Fy =ky55 ¥e =] Lo = £p HO = 1.536= 7406 


_ P8(ky,)D] 8(14.32)(7.464)(2.808) 
n= Ko] xd ] = 1.090] 7(0.192)3 


k = 14.32 lbf/in 


Joo =117.7kpsi_ (1) 


Ts > Ssy, thatis, 117.7 > 111.5 kpsi; the spring is not solid safe. Solving Eq. (1) for ys gives 
,  (Ssy/n)(rd3) ~~ (111 500/1.2)(77)(0.192)3 . 
i = = 5,892 in 
8KgkD 8(1.090)(14.32)(2.808) 
Lo = Ls + y, = 1.536 + 5.892 = 7.428 in 


Wind the spring to a free length of 7.428 in. Ans. 


10-13. Given: A313 (stainless steel) SQ&GRD ends, d=0.2mm, OD =0.91 mm, Lo = 
15.9 mm, N; = 40 turns. 


Table 10-4: A = 1867MPa-mm”, m=0.146 

Table 10-5: G = 69.0 GPa 
D=OD—d=0.91 — 0.2 = 0.71 mm 
C = D/d =0.71/0.2 = 3.55 


4(3.55) +2 
r= 4(3.55) + 2 = 1.446 
4(3.55) —3 
Ng = N, — 2 = 40 — 2 = 38 turns 
1867 
= 2361,5 MPa 


ut (0.2)0-146 
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Table 10-6: 
Ssy = 0.35(2361.5) = 826.5 MPa 
d*G __ (0.2)*(69.0) | 


is 8D3N,  8(0.71)3(38) | (10-33 


= 1.0147(1077)(10°) = 1014.7N/m_ or 1.0147 N/mm 
Ls = dN, = 0.2(40) = 8 mm 
Fs = kys 
yy = Lo — Ls = 15.9-8 =7.9 


-371,9-3 =. 
a pe?) cae =e Ec (10-3)(10-3) 
md? 1(0.2)3 (10-3) 
= 2620(1) = 2620 MPa (1) 


Ts > Ssy, that is, 2620 > 826.5 MPa; the spring is not solid safe. Solve Eq. (1) for y, giving 
, _ (Ssy/n)(rd?) — (826.5/1.2)(2)(0.2)° 


‘ 8KpkD __8(1.446)(1.0147)(0.71) 
Li = Ls + y, = 8.0 + 2.08 = 10.08 mm 


= 2.08 mm 


Wind the spring to a free length of 10.08 mm. This only addresses the solid-safe criteria. 
There are additional problems. Ans. 


10-14 


Given: A228 (music wire), SQ&GRD ends,d = 1 mm, OD = 6.10 mm, Lp = 19.1 mm, 
N,; = 10.4 turns. 


Table 10-4: A =2211 MPa-mm”, m=0.145 
Table 10-5: G = 81.7 GPa 
D=OD-d=6.10—1=5.1 mm 
C= Did =31/1=5.1 
Nag = N; —2 = 10.4 —2 = 8.4 turns 


4(5.1 2 
R= 4(5.1) +2 — 1.287 
4(5.1) —3 
2211 
“= (1)0-145 = 2211 MPa 


Table 10-6: S,y = 0.45(2211) = 995 MPa 
bz d‘*G = (1)*(81,7) re 
8D3N, 8(5.1)3(8.4) | (10-3)3 
= 9165 N/m or 9.165 N/mm 
L; = dN, = 1(10.4) = 10.4 mm 


Fy = kys 


= 0.009 165(10°) 
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Vo Sho = Le = 191 —104 = 8.7 mm 


_ 8(kys)D | _ 8(9.165)(8.7)(5.1) 
n= Ko] ad ]=1287/ (D3 


= 1333 MPa (1) 


Ts > Ssy, that is, 1333 > 995 MPa; the spring is not solid safe. Solve Eq. (1) for ys giving 


» _ (Ssy/n)(1d?) (995/1.2)()(1)° 
y, = — = = 5.43 mm 
8KpkD 8(1.287)(9.165)(5.1) 


Lo = Ls + y, = 10.44 5.43 = 15.83 mm 
Wind the spring to a free length of 15.83 mm. Ans. 


10-15 Given: A229 (OQ&T spring steel), SQ&GRD ends, d = 3.4 mm, OD = 50.8 mm, Lo = 
74.6 mm, N; = 5.25. 


Table 10-4: A = 1855 MPa-mm”, m=0.187 
Table 10-5: G = 77.2.GPa 
D = OD —d =50.8 — 3.4 = 47.4 mm 
C = D/d = 47.4/3.4 = 13.94 
Ng = N; — 2 = 5.25 — 2 = 3.25 turns 


4(13. 
B= 4(13.94) + 2 — 1.095 
4(13.94) — 3 
1 
la = 1476 MPa 


ut = (3.4) 0-187 
Table 10-6: Ssy = 0.50(1476) = 737.8 MPa 


,- 2G _ _B-4)"(77.2)_ [0 )"0") 
(10-3)3 


= = = 0.003 75(10° 
8D3N,  8(47.4)3(3.25) oe 


= 3750 N/m or 3.750 N/mm 
Led; = 3.40.25) = 17.85 
Fs = kys 
ys = Lo — L, = 74.6 — 17.85 = 56.75 mm 


ahs soe | 


md? 


8(3.750)(56.75)(47.4) 
1(3.4)3 


= 1,095 = 720.2 MPa (1) 


Ts < Ssy, that is, 720.2 < 737.8 MPa 
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.. The spring is solid safe. Withns = 1.2, 
» _ (Ssy/n)(rd?) _ (737.8/1.2)(21)(3.4)° 
S" 8KpkD ~——_—-8(1.095)(3.75)(47.4) 
Lh = Ls ty, = 17.85 + 48.76 = 66.61 mm 


= 48.76 mm 


Wind the spring to a free length of 66.61 mm. Ans. 


10-16 Given: B159 (phosphor bronze), SQ&GRD ends, d= 3.7 mm, OD = 25.4 mm, Lo = 
95.3 mm, N, = 13 turns. 


Table 10-4: A = 932 MPa-mm™”, m= 0.064 
Table 10-5: G = 41.4 GPa 
D=OD —-d=25.4— 3.7 = 21.7 mm 
C= D/4=21.7/3.7 ]S52365 


A(5. 2 
pe 
4(5.865) — 3 
Ng = N,-—2 = 13-2 = 11 turns 
932 
Sut = (3.7)0-064 = 857.1 MPa 


Table 10-6: S;y = 0.35(857.1) = 300 MPa 


k 


— d'G _ (3.7)*(41.4) [(10~*)*(10°) 
~ 8D3N, — 8(21.7)3(11) (10-3)3 


= 8629 N/m or 8.629 N/mm 
Ly, = dN, = 3.7(13) = 48.1 mm 
Fs = kys 


= 0.008 629(10°) 


yy = Lo — Ls = 95.3 — 48.1 = 47.2 mm 
8(kys)D 
Ts = Kp wie 


8(8.629)(47.2)(21.7) 
1(3.7)3 


= 1.244 = 353 MPa (1) 


Ts > Ssy, that is,553 > 300 MPa; the spring is not solid-safe. Solving Eq. (1) for y; gives 


,  (Ssy/n)(rd3) —— (300/1.2)(27)(3.7)? 
y= = = 21.35 mm 
8K gkD 8(1.244)(8.629)(21.7) 


Lh = Ly + y, = 48.1 + 21.35 = 69.45 mm 


Wind the spring to a free length of 69.45 mm. Ans. 
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10-17. Given: A232 (Cr-V steel), SQ&GRD ends, d=4.3mm, OD= 76.2 mm, Lo = 
228.6 mm, N; = 8 turns. 
Table 10-4: A = 2005 MPa-mm”, m=0.168 
Table 10-5: G = 77.2 GPa 
D=OD—d=76.2 —4.33 = 71.9 mm 
C=]Did = 119/45 = 16.72 
4(16.72) +2 
= —____—— = ].078 
3 4(16.72) —3 
Ng = N; —2 = 8 —2 = 6 turns 
2005 
Sut = (4.3)0.18 = 1569 MPa 
Table 10-6: 
Ssy = 0.50(1569) = 784.5 MPa 
d*G (4.3)4(77.2) [ (10-7)4(10") 
pe - = 0.001 479(10° 
8D3Nq 8(71.9)3(6) (10-3)3 me 
= 1479N/m or 1.479 N/mm 
Ls = dN, = 4.3(8) = 34.4 mm 
Fy = ky¢ 
ys = Lo — Ly = 228.6 — 34.4 = 194.2 mm 
8(ky;)D 8(1.479)(194.2)(71.9) 
=K = 1.078 } —————___.!——_ |} = 713.0 MP 1 
ae rd 1(4.3)5 . 
Ts < Ssy, that is,713.0 < 784.5; the spring is solid safe. Withn, = 1.2 
Eq. (1) becomes 
,  (Ssy/n)(rd?) — (784.5/1.2)(r)(4.3)° 
y= ooo = or = 178.1 mm 
8KpkD 8(1.078)(1.479)(71.9) 
Lo =Ly+y, = 34.44 178.1 = 212.5 mm 
Wind the spring to a free length of Ly = 212.5 mm. Ans. 
10-18 For the wire diameter analyzed, G = 11.75 Mpsi per Table 10-5. Use squared and ground 


ends. The following is a spread-sheet study using Fig. 10-3 for parts (a) and (b). For Na, 
k= 20/2 = 10 Ibffin, 
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(a) Spring over a Rod (b) Spring in a Hole 
Source Parameter Values Source Parameter Values 

d 0.075 0.08 0.085 d 0.075 0.08 0.085 

D 0.875 0.88 0.885 D 0.875 0.870 0.865 

ID 0.800 0.800 0.800 ID 0.800 0.790 0.780 

OD 0.950 0.960 0.970 OD 0.950 0.950 0.950 
Eq. (10-2) C 11.667 11.000 10.412 | Eq. (10-2) C 11.667 10.875 10.176 
Eq. (10-9) Na 6.937 8.828 11.061 | Eq. (10-9) Na 6.937 9.136 11.846 
Table 10-1 JN; 8.937 10.828 13.061 | Table 10-1 A; 8.937 11.136 13.846 
Table 10-1 Ls 0.670 0.866 1.110 | Table 10-1 L; 0.670 0.891 1.177 
1.15y+L, Lo 2.970 3.166 3.410 | 1.15y+L, Lo 2.970 3.191 3.477 
Eq. (10-13) (Lo)cr 4.603 4.629 4.655 || Eq. (10-13) (Lo)er 4.603 4.576 4.550 
Table 10-4 A 201.000 201.000 201.000 | Table 10-4 A 201.000 201.000 201.000 
Table 10-4 m 0.145 0.145 0.145 | Table 10-4 m 0.145 0.145 0.145 
Eq. (10-14) Sy, 292.626 289.900 287.363 | Eq. (10-14) Sy; 292.626 289.900 287.363 
Table 10-6 Ssy 131.681 130.455 129.313 | Table 10-6 S,, 131.681 130.455 129.313 
Eq. (10-6) Ke 1.115 1.122 1.129 | Eq. 10-6) Ke 1.115 1.123 1.133 
Eq. (10-3) n 0.973 1.155 1.357 || Eq. (10-3) n 0.973 1.167 1.384 
Eq. (10-22) fom —0.282 —0.391 —0.536 | Eq. (10-22) fom —0.282 —0.398 —-—0.555 


Forn; > 1.2, the optimal size is d = 0.085 in for both cases. 


10-19 From the figure: Lop = 120 mm, OD = 50 mm, and d = 3.4 mm. Thus 
D=OD=}¢=50=34 =46.6 mm 
(a) By counting, N; = 12.5 turns. Since the ends are squared along 1/4 turn on each end, 
Ng = 12.5—0.5 = 12 turns Ans. 
p=120/12=10mm Ans. 
The solid stack is 13 diameters across the top and 12 across the bottom. 
Ls = 1333.4) = 44.2mm_ Ans. 

(b) d = 3.4/25.4 = 0.1339 in and from Table 10-5, G = 78.6 GPa 
d*G __ (3.4)*(78.6)(10°) 


k= = 
8D3Na 8(46.6)3(12) 


(10-7) = 1080 N/m_ Ans. 


(c) F, = k(Lo — Ls) = 1080(120 — 44.2)(10-7) = 81.9N Ans. 
(d) C = D/d = 46.6/3.4 = 13.71 
4(13.71) +2 


ae = 1,006 
A137) 2G 
8K F,D ie 1.9)(46. 
(See BOE DEO) 571 pa Une. 
md? m(3.4)3 


10-20 One approach is to select A227-47 HD steel for its low cost. Then, for yj < 3/8 at 


F, = 10 Ibf, k > 10/0.375 = 26.67 Ibf/in. Try d = 0.080 in #14 gauge 


282 Solutions Manual + Instructor’s Solution Manual to Accompany Mechanical Engineering Design 


For a clearance of 0.05 in: ID = (7/16) + 0.05 = 0.4875 in; OD = 0.4875 + 0.16 = 
0.6475 in 


D = 0.4875 + 0.080 = 0.5675 in 
C = 0.5675/0.08 = 7.094 
G = 11.5 Mpsi 

d*G —_(0.08)4(11.5)(10°) 
~ 8kD3  8(26.67)(0.5675)3 
N, = 124+2=14turms, L, =dN, = 0.08(14) =1.12in O.K. 
Lo =1.875in, yy = 1.875 — 1.12 = 0.755 in 
F, = kyy = 26.67(0.755) = 20.14 Ibf 


= 12.0 turns 


a 


4(7.094) +2 
ee ae BL, 
B ~ 4(7.094) — 3 
FD 8(20.14)(0.5675 
t, = Kp oe 1.197 a) = 68 046 psi 
md? (0.08)? 
Table 10-4: A= 140kpsi-in”, m=0.190 
140 
Ssy = 0.45 980 0.150 = 101.8 kpsi 
101.8 
Se 1 1D Oe 
” = 68.05 = 
i au (68.05) = 33.79 kpsi 
= —T;, = ——(68. = 35. Si, 
=F, 20.14 P 
101.8 
Ss. S301 K. 
m= 3375 =3.01>1.5 0 


There is much latitude for reducing the amount of material. Iterate on y; using a spread 
sheet. The final results are: yj = 0.32 in, k = 31.25 Ibf/in, Nz = 10.3 turns, N; = 
12.3 tums; Ly = 0.985 im, Lg =.1.820 in, ye = 0.835 in, Fe = 26.1 Ibi, Kp = 1197, 
T; = 88 190 kpsi, n; = 1.15, and n, = 3.01. 

ID = 0.4875 in, OD = 0.6475 in, d= 0.080 in 
Try other sizes and/or materials. 


10-21 


A stock spring catalog may have over two hundred pages of compression springs with up 
to 80 springs per page listed. 
¢ Students should be aware that such catalogs exist. 
e Many springs are selected from catalogs rather than designed. 
¢ The wire size you want may not be listed. 
¢ Catalogs may also be available on disk or the web through search routines. For exam- 
ple, disks are available from Century Spring at 
1 — (800) — 237 — 5225 
www.centuryspring.com 
¢ Itis better to familiarize yourself with vendor resources rather than invent them yourself. 
¢ Sample catalog pages can be given to students for study. 
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10-22 Fora coil radius given by: 
Reka = 9 
I OnN 
The torsion of a section is T = PR wheredL = R d@ 
au aT L gee 
sp = a =a | Tada PR* do 
oP GJ oP GJ Jo 
P 2nN Ro — R 3. 
R 0) dé 
GF an 1+ OON . 
4 2a N 
_ P 2a N 
Gd 
0 
Se (Ri — Rt) = aad Say (ki + Ro) (Ri + R3) 
IGICRs =F) : 2G 2 
16PN 
Jad .5p= Ri + Ro) (Ri +R 
32 P Ge (Ri + 2) ( + 3) 
P d‘G 
k= — = —_____________ Ans. 


dp  16N(R, + Ro) (RI + R3) 
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10-23 Fora food service machinery application select A313 Stainless wire. 
G = 10(10°) psi 

Note that for 0.013 <d <0.10in A=169, m=0.146 

0.10 <d < 0.20in A= 128, m=0203 


18 —4 184+4 
Fa = —— = Tlbf, Fn = > =l11lbf, r=7/11 
k= AF/A 18 4 9 333 Ibo 
~ a = 
T d=0.080in, Sy; oe iid 
r = (); in, ——___—_ : SI 
si ~ (0,08) 0-146 P 


Ssu = 0.67Sy¢ = 163.7 kpsi, Ssy = 0.35Sy: = 85.5 kpsi 
Try unpeened using Zimmerli’s endurance data: Ssz = 35 kpsi, Ssm = 55 kpsi 


Gerber: Sse = FS = S| = 39:5 kpsi 
Sheet: EO CS ISae LSS IGS Te = 


2 f) 2 
s,, = CAWU8.7) 14 fis 2(39.5) ee 


2(39.5) (7/11)(163.7) 


a = Ssqa/n¢ = 35.0/1.5 = 23.3 kpsi 


re ee ys, 
= qu 9 = E (0. seal (10) = 2.785 kpsi 

CH 2(23.3) — 2.785 Aaa — 278s) _ 3(23.3) 
7 4(2.785) 4(2.785) 4(2.785) 


D = Cd = 6.97(0.08) = 0.558 in 


=647 
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_ 4(6.97) +2 


pee = 190i 
4(6.97) — 3 
8F,D 8(7)(0.558)_. 
a = 1.201 | =" (10-3) | = 23.3k 
. o( nd ) (0.08) > a 


ny =35/23,.3=1,50 checks 
Ga" 10(10°)(0.08)* 
Na = = to ) = 31.58 turns 
8k D3 8(9.333)(0.558)? 
N, = 31.58 + 2 = 33.58 turns, Ls = dN; = 0.08(33.58) = 2.686 in 
ys = (1 + &) ¥max = (1 + 0.15)(2.5) = 2.875 in 
Lo = 2.686 + 2.875 = 5.561 in 
D ~ 2.63(0.558 
a 0.5 
t= 1135(18/7) tg = 1.15018/7)(23.3) = 68.9 kpsi 


ns = Ssy/Ts = 85.5/68.9 = 1.24 


kg 9.333(386) 
f=./—2 = — 107 Hz 
m2d2DNay 72(0.082)(0.558)(31.58)(0.283) 


These steps are easily implemented on a spreadsheet, as shown below, for different 


diameters. 
dy d> d3 ds 
d 0.080 0.0915 0.1055 0.1205 
m 0.146 0.146 0.263 0.263 
A 169.000 169.000 128.000 128.000 
Sut 244.363 239.618 231.257 223.311 
Day 163.723 160.544 154.942 149.618 
Ssy 85.527 83.866 80.940 78.159 
Sse 39.452 39.654 40.046 40.469 
Sca 35.000 35.000 35.000 35.000 
a 23.333 23.333 23.333 23.333 
B 2.785 2.129 1.602 1.228 
C 6.977 9.603 13.244 IAD; 
D 0.558 0.879 1.397 2.133 
Kp 1.201 1.141 1.100 1.074 
Ta 23.333 23.333 23.333 23.333 
nf 1.500 1.500 1.500 1.500 
Na 31.547 13.836 6.082 2.910 
N; 33.547 15.836 8.082 4.910 
Ls 2.684 1.449 0.853 0.592 
Ymax 2.875 2.875 2.875 2.875 
Lo 5.559 4.324 3.728 3.467 
(Loder 2.936 4.622 7.350 11.220 
Ts 69.000 69.000 69.000 69.000 
Ns 1.240 1.215 LW il 1333! 


Ff (Hz) 106.985 112.568 116.778 119.639 
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The shaded areas depict conditions outside the recommended design conditions. Thus, 
one spring is satisfactory—A313, as wound, unpeened, squared and ground, 


d=0.0915in, OD = 0.879 + 0.092 = 0.971in, N; = 15.84 turns 
10-24 The steps are the same as in Prob. 10-23 except that the Gerber-Zimmerli criterion is 
replaced with Goodman-Zimmerli: 
Ssa 
Sse =) aa ee 
oe (Ssm/Ssu) 
The problem then proceeds as in Prob. 10-23. The results for the wire sizes are shown 
below (see solution to Prob. 10-23 for additional details). 
Iteration of d for the first trial 
d, dy d3 dy d dy d3 da 
d 0.080 0.0915 0.1055 0.1205} d 0.080 0.0915 0.1055 0.1205 
m 0.146 0.146 0.263 0.263 | Kz LA51 1.108 1.078 1.058 
A 169.000 169.000 128.000 128.000 | Tt, 29.008 29.040 29.090 29.127 
Sur 244.363 239.618 231.257 223.311 | ny 1.500 1.500 1.500 1.500 
Ssu 163.723 160.544 154.942 149.618 | Na 14.444 6.572 2951 1.429 
Ssy 85.527 83.866 80.940 78.159 | N; 16.444 ae 4.951 3.429 
Sse 52.706 53.239 54.261 55.345 | Ls 1.316 0.784 0.522 0.413 
Ssa 43.513 43.560 43.634 43.691 || ymax 2.819 21D 2873 2.010 
a 29.008 29.040 29.090 29.127 | Lo 4.191 3.059 3:397 3.288 
B 2.785 23129 1.602 1.228 | (Loc 3.809 5.924 9.354 14.219 
Cc 9.052. 12.309 16.856 22.433 | Ts 85.782 85.876 86.022 86.133 
D 0.724 L126 1.778 2.703 || Ns 0997 0.977 0.941 0.907 
Ff (Az) 138.806 144.277 148.617 151.618 


Without checking all of the design conditions, it is obvious that none of the wire sizes 
satisfyns; > 1.2. Also, the Gerber line is closer to the yield line than the Goodman. Setting 
nf = 1.5 for Goodman makes it impossible to reach the yield line (n; < 1). The table 
below uses ny = 2. 


Iteration of d for the second trial 


dy dy d3 dy d\ dy d3 da 
d 0.080 0.0915 0.1055 = 0.1205 |'d 0.080 0.0915 0.1055 0.1205 
m 0.146 0.146 0.263 0.263 | Kz ee | 1.154 1.108 1.079 
A 169.000 169.000 128.000 128.000 | Tt, 21.756 21.780 21.817 21.845 
Sur 244.363 239.618 231.257 223.311 |n¢ 2.000 2.000 2.000 2.000 
Ssu 163.723 160.544 154.942 149.618 | Na 40.962 17.594 7.609 3.602 
Ssy 85.527 83.866 80.940 78.159 | N, 42.962 19.594 9.609 5.602 
Sse 52.706 53.239 54.261 55.345 | Ls 3.437 1.793 1.014 0.675 
Ssa 43.513 43.560 43.634 43.691 | ymax 2.8/5 2.875 2.875 2.875 
a 21.756 21.780 21.817 21.845 | Lo O82 4.668 3.889 3.550 
B 2100 2129 1.602 1.228 [(Lo)ar 2.691 4.266 6.821 10.449 
Cc 6.395 8.864 12.292 16.485 | T; 64.336 64.407 64.517 64.600 
D G32 0.811 L297 1.986 |ins 1.329 1.302 L250 1.210 
f (Hz) 98.065 103.903 108.376 111.418 


The satisfactory spring has design specifications of: A313, as wound, unpeened, squared 


and ground, d = 0.0915 in, OD = 0.811 + 0.092 = 0.903 in, N; = 19.6 turns. 
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10-25 This is the same as Prob. 10-23 since S;~. = S;q = 35 kpsi. Therefore, design the spring 
using: A313, as wound, un-peened, squared and ground, d = 0.915 in, OD = 0.971 in, 
N, = 15.84 turns. 


10-26 For the Gerber fatigue-failure criterion, S,,, = 0.67S,;, 


ss 72.82 28 \" 
S = , S . = SU =] | aan 
ie = (Syui/ Seu)? . 2Sse 7 7 (; su 


The equation for Ss, is the basic difference. The last 2 columns of diameters of Ex. 10-5 
are presented below with additional calculations. 


d=0.105 d=0.112 d=0.105 d=0.112 
Se 278.691 276.096 Na 8.915 6.190 
we 186.723 184.984 ie 1.146 0.917 
Se 38.325 38.394 Lo 3.446 3.217 
Sep 125.411 124.243 (Loder 6.630 8.160 
Sia 34.658 34.652 Kp 11 1.095 
Pe 23.105 23.101 Ta 23.105 23.101 
B 1.732 1.523 ng 1.500 1.500 
C 12.004 13.851 - 70.855 70.844 
D 1.260 1.551 ns 1.770 1.754 
ID 1.155 1.439 ii 105.433 106.922 
OD 1.365 1.663 fom —0.973 — 1.022 


There are only slight changes in the results. 


10-27. As in Prob. 10-26, the basic change is Syq. 


Ssa 
For Goodman, ———— 
l= (Ssm/ Ssu) 
Recalculate S,,, with 
rSseSsu 
me rSsu + Sse 


Calculations for the last 2 diameters of Ex. 10-5 are given below. 


d=0.105 d=0.112 d=0.105 d=0.112 
Sn 278.691 276.096 Na 9.153 6.353 
Sia 186.723 184.984 i” 1.171 0.936 
Be 49.614 49.810 Ly 3.471 3.236 
ae 125.411 124.243 (Lo)er 6.572 8.090 
Sa 34.386 34.380 Kp 1.112 1.096 
a 22.924 22.920 Ta 22.924 22.920 
B 1.732 1.523 ny 1.500 1.500 
C 11.899 13.732 Ts 70.301 70.289 
D 1.249 1.538 Ns 1.784 1.768 
ID 1.144 1.426 f, 104.509 106.000 
OD 1.354 1.650 fom — 0.986 — 1.034 


There are only slight differences in the results. 
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10-28 Use: E = 28.6 Mpsi, G = 11.5 Mpsi, A = 140 kpsi- in” ,m = 0.190, rel cost = 1. 


; 140 : 
Try d = 0.067 in, Sut => (0.067)0-190 = 234.0 kpsi 
Table 10-6: Ssy = 0.45 Sy, = 105.3 kpsi 
Table 10-7: Sy = O.73 Sue = 173.3. kpsi 
Eq. (10-34) with D/d = CandC; = C 
Finax Sy 
o4 = —S[(K)a(16C) + 4] = = 
md ny 
4c?-—-C-1 nas, 
—————.(16C 4 = —_—— 
4cC(C — 1) ( ae y max 
5 wd’ S; 
4c* —-C-—-1=(C-—-1) — — | 
Any Fmax 
1 wa S 1 ( nd’S 
CSa(1 oe ee ~ —2)=0 
4 ( = Any Fmax ) - 4 ( ) 


Z 2 - 2 
ae 1| smd*Sy i md" Sy ) wd" Sy 42 | take positive root 


2 | 167, Finax [6nyFus) ~ Any Fic 


_ 1 | 2(0.067°)(175.5)(10°) 
“2 16(1.5)(18) 


16(1.5)(18) 4(1.5)(18) 
D = Cd = 0.3075 in 


35. 3 = 
po? t _ md° 33 500 + 1000 pe 3 
8D 8D | exp(0.105C) 6.5 


Use the lowest F; in the preferred range. This results in the best fom. 
= 7(0.067)> | 33 500 4.590 — 3 
‘~~ 8(0.3075) | exp[0.105(4.590)] 6.5 
For simplicity, we will round up to the next integer or half integer; 
therefore, use F; = 7 Ibf 


k 7 22 Ibf/i 
SS in 
0.5 


> 3,972 2 3 
| [Rocma7s.2005) _ 7(0.067)2175.5)10) | 4 sop 


— 1000 (4 — ) = 6.505 lbf 


— d*G _ (0.067)*(11.5)(10°) 
~ 8kD3~———-8(22)(0.3075)3 


G 11.5 
Ny = Ng — = = 45.28 — —— = 44.88 turns 
E 28.6 


= 45.28 turns 


Na 


Lo = (2C — 14+ Np)d = [2(4.590) — 1 + 44.88](0.067) = 3.555 in 
Ligwr = 3.555 + 0.5 = 4.055 in 
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F; (calc) 
F; (td) 


Tmax 

(Ny body 
TB 
(ny)B 
(ny)A 
fom 


bic Ke = SS 086 
ony SB 40-3. 4(4.590) —3 
ae 8KBFmaxD _ 8(1.326)(18)(0.3075) 
mee td 3(0.067)3 
Siwy 105.3 
0 SS Ss 17 
("y)boay = T= aq 3 
rp = 2d = 2(0.067) = 0.134 in, C= ria 
AC jad 2-24 
(Ke =——_ = a1 a5 
ACy— 4 A(4) 4 
8 Finax D 8(18)(0.3075) 
ae = 1.25) ————__- 
t= (A)p nd 7(0.067)3 
in) S.-— 1053 
n == SS. > -—_ 
Btn 58.58 
nm’ d-(Np +2)D 1*(0.067)*(44.88 + 2)(0.3075) 
fom = —(1) —————. = — —— = 


Several diameters, evaluated using a spreadsheet, are shown below. 


0.067 


233.977 
105.290 
175.483 
4.589 
0.307 
6.505 
70 
22.000 
45.29 
44.89 
5050 
4.056 
L326 
62.118 
1.695 
58.576 
1.797 
1.500 
—0.160 


4C +2 4(4.590) +2 
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0.072 


2799 
103.860 
173.100 
5.412 
0.390 
5.173 
6.0 
24.000 
2120 
26.80 
2031 
3137 
1.268 
60.686 
ey a | 
59.820 
1.736 
1.500 
—0.144 


4 


0.076 


228.441 
102.798 
171.331 
6.099 
0.463 
D.257 
ene) 
25.000 
ew | 
18.86 
22009 
2.785 
1.234 
59.707 
L722 
60.495 
1.699 
1.500 
—0.138 


0.081 


229,692 
101.561 
169.269 
6.993 
0.566 
4.675 
ae) 
26.000 
13.10 
12.69 
2.080 
2.580 
1.200 
58.636 
L732 
61.067 
1.663 
1.500 
=0,133 


ro _ 2(0.134) _ 


0.085 


100.635 
167.726 
15138 
0.658 
4.251 
4.5 
27.000 
OTT 
9.36 
2.026 
2.526 
1.179 
37.875 
1.739 
61.367 
1.640 
1.500 
=().133 


0.067 


4 


0.09 


221219 
99.548 
165.914 
8.708 
0.784 
3.764 
4.0 
28.000 
7.00 
6.59 
2.071 
2.071 
LoS? 
57.019 
1.746 
61.598 
1.616 
1.500 
=(0,133 


(1073) = 62.1 kpsi 


Joo = 58.58 kpsi 


0.095 


218.958 
98.531 
164.218 
ee 
0,923 
3.320 
A 
29.000 
313 
4.72 
2.201 
DAO] 
1,139 
56.249 
1.752 
6L.712 
L597 
1.500 
=0,138 


Engineering Design 


= —0.160 


0.104 


223.634 


215.224 
96.851 
161.418 
11.650 
1212 
2.621 
3.0 
30.000 
3.15 
21S 
2.605 
3.105 
LAL 
55.031 
1.760 
61.712 
1.569 
1.500 
—0.154 


Except for the 0.067 in wire, all springs satisfy the requirements of length and number of 


coils. The 0.085 in wire has the highest fom. 


Chapter 10 289 


10-29 Given: Nz, = 84 coils, F; = 16 lbf, OQ&T steel, OD = 1.5 in,d = 0.162 in. 
D = 1.5 —0.162 =1.338 in 
(a) Eq. (10-39): 
Lo = 2(D — d)+ (Np 4 ld 
= 2(1.338 = 0.162) + (84+ 1)(0.162) =16.12in Ans. 


or 2d + Lo = 2(0.162) + 16.12 = 16.45 in overall. 
D 1,338 
b C=—=—— =82 
) d 0.162 : 
4(8.26) + 2 
= ——_~_~ = 1.166 
3 (8.26) — 3 
8F;D 8(16)(1.338) 
i= K = 1.166 | ——~—"~ | = 14950 Ans. 
as nd 71(0.162)3 mo en 
(c) From Table 10-5 use: G = 11.4(10°) psi. and = E = 28.5(10°) psi 
Na = N, a = 84+ ne Shad 
ee ee Se ee 


d*G __ (0.162)*(11.4)(10°) 


k= = = 4.855 Ibf/in Ans. 
SDN,  8(1.338)3(84.4) nm eee 
(d) Table 10-4: A = 147 psi- in”, m=0.187 
147 . 
Sut => (0.162)0.187 = 207.1 kpsi 


Sy = 0.75(207.1) = 155.3 kpsi 

Ssy = 0.50(207.1) = 103.5 kpsi 
Body 

_ a Se 

~ wKpD 

__ 1 (0.162)?(103.5)(10°) 

~ 8(1.166)(1.338) 
Torsional stress on hook point B 


— 2r2 _ 2(0.25 + 0.162/2) 


= 110.8 Ibi 


C= peg Sack acl ee 
ad 0.162 one 
ACs=1 4(4,086)—1 
(K); = ——_ = SM) ae Ne ye 
4AC,—4  4(4.086) — 4 
0.162)3(103.5)(102 
2 TEEN). 05 ob 
8(1.243)(1.338) 
Normal stress on hook point A 
dr, 1.338 
== = 8.96 
td. (0.162 
AC = C,=1 418.06)? =} 38,26= 1 
i, 2 ee 10 


4C\(C; —1) —4(8.26)(8.26 — 1) 
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16(K)4D 4 
Sy <0 = FO =| 
155.3(10° 
F= scree, = 85.8 lbf 


[16(1.099)(1.338)]/[7(0.162)3] + {4/[2(0.162)7]} 
= min(110.8, 103.9, 85.8) = 85.8 lbf Ans. 


(e) Eq. (10-48): 


F-F, 85.8-—16 . 
y= = =14.4in Ans. 
k 4.855 


10-30 


Fin = 9 IDE, Pings = 18 lof 
i= ee = 4.5 lbf, Ey = ae = 13.5 Ibi 
2 2 
A313 stainless: 0.013 <d <0.1 A = 169 kpsi- in”, m=0.146 
O01 sd =02 A = 128 kpsi- in”, m= 0.263 
E=28Mpsi, G=10Gpsi 
Try d = 0.081 in and refer to the discussion following Ex. 10-7 
169 
= (0.081)9-146 
Ssu = 0.67S,; = 163.4 kpsi 
Ssy = 0.35Syr = 85.4 kpsi 
Sy = 0.55S,; = 134.2 kpsi 


Sut = 243.9 kpsi 


Table 10-8: S, = 0.458, = 109.8 kpsi 
S,/2 109.8/2 


= = = 57.8 kpsi 
¢~ T_TS,/2S.n)P 1 —[(09.8/2)/243.92 Ce 
r = Fy/ Fm = 4.5/13.5 = 0.333 
r2S2 1542 
Table 7-10: °S,= “| —1 1 7 
able 7-10 3S, + + (=) 
.333)2(243.92 267.8) 1 
ree EE ae) ll Sg) ede ee = 42.2 kpsi 
257.8) 0.333(243.9) 
Hook bending 
(oa)a = Fy | (K) awe a a Sa 
O, co 1 ¥§—__ —<$<— = = 
oe : And? md? (nf )A 2 
AS [4c =C = 1)16C 4] — 5a 
md AC(C —1) = 2 


This equation reduces to a quadratic in C—see Prob. 10-28 
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The useable root for C is 


md*Sq md2S,\"  md2S, 
C=0.5 _ 2 
144 +f ( 144 ) 36 


= (5 


m(0.081)?(42.2)(103) 2 7 (0.081)2(42.2)(103) ]7 __ 1(0.081)?(42.2)(108) a9 
144 144 36 


= 4.91 
D = Cd = 0.398 in 


a 3 = 
pg t _ md 33 500 + 1000 4_©£ 3 
8D 8D | exp(0.105C) 6.5 


Use the lowest F; in the preferred range. 


.081)3 4.91 — 
p. — 70.081) | 33 500 - 1000 (4 — 9 *)| 


8(0.398) [ exp[0.105(4.91)] 6.5 
= 8,55 Ibf 
For simplicity we will round up to next 1/4 integer. 
Fj = 8.75 |bt 
18=9 
= —— = 36 lbfii 
0.95 36 Ibf/in 
d*G — (0.081)4(10)(10°) 
Na = = = 23.7 
“ 8kD3 ~~ 8(36)(0.398)5 = 
G 10 
Ny = No — = = 23.7 — — = 23.3 turns 
E 28 


Lo = QC — 14+ Np)d = [2(4.91) — 1 + 23.3](0.081) = 2.602 in 
Lmax = Lo + (Pina — Fi) /k = 2.602 + (18 — 8.75) /36 = 2.859 in 


4,5(4) (4C7-C-1 
= 1 
aap ( e-1 * ) 
18(10-3) [4(4.912) — 4.91—1 
re A cae +1] = 21.1 kpsi 
7(0.08 12) 491-1 
Sa 42.2 
= —* = —~=2 check 
(np) fn OIA checks 
4C+2 4(4.91)+2 
Body: Kzp= ae ( at = 1.300 


“dC =3 414491) =3 —- 
a 8(1.300)(4.5)(0.398) 
an (0.081) 

Be. 135 


tT = —TTd = —— 
OS FAS 


(1073) = 11.16 kpsi 


(11.16) = 33.47 kpsi 
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The repeating allowable stress from Table 7-8 is 
Ssr = 0.3058,; = 0.30(243.9) = 73.17 kpsi 
The Gerber intercept is 
7317/2 
~ 1 —[(73.17/2)/163.4]2 


Sse = 38.5 kpsi 


From Table 7-10, 


{ (16347 (11A 2(33.4 =a 
GAneay = & )( °) ={+ 1+| Gs nod = 2.53 


2\33.47) \ 38.5 163.4(11.16) 
Let r) = 2d = 2(0.081) = 0.162 
G2 2h (p59 ai: 
nr es BO A440 
K 1.25 
(ine Pot = 555 (11.16) = 10.73 kpsi 
(K) 1.25 . 
(tn)R = tm = 7599 33-47) = 32-18 kpsi 
Table 10-8: (Sy) = 0.28Sy; = 0.28(243.9) = 68.3 kpsi 
68.3/2 
(Sse)B = / = 35.7 kpsi 


1 — [(68.3/2)/163.472 


1 (163.4\? (10.73 2(32.18)(35.7) ]” 
= Ap 39 5 
(mp)B=5 (s) (5) +f +| 163.4(10.73) 


Yield 
Bending: 
AF imax [ (4C? — C — 1) 
(04) max = =p Gol + 1 
2 
~ ib, [$89 891-1 4]o07) scat 
134.2 
(ny)a = wea 1.59 
Body: 
@ = (i) Fate = (8.13/74. 2) C116) = 21.7 kpsi 
Y = Ta/(tm — %) = 11.16/(33.47 — 21.7) = 0.948 
(Ssa)y = ae ie —-j= ma | — 21.7) = 31.0 kpsi 
se 0.948 + 1 
Gy) ray = eh = a = 2.78 
Hook shear: 


Ssy = 0.3Sy; = 0.3(243.9) = 73.2 kpsi 
Tmax = (t) a + (im) B = 10.73 + 32.18 = 42.9 kpsi 
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73.2 


(ny)B = ran 1.71 
7.607d*(Np+2)D — _ 7.617(0.081)?(23.3 + 2)(0.398) 
fom = — = = —1.239 
4 4 

A tabulation of several wire sizes follow 

d 0.081 0.085 0.092 0.098 0.105 0.12 
Sut 243.920 242.210 239.427 237.229 234.851 230.317 
Ssu 163.427 162.281 160.416 158.943 157.350 154.312 
S+ 109.764 108.994 107.742 106.753 105.683 103.643 
Se 57.809 57.403 56.744 56.223 55.659 54.585 
Sa 42.136 41.841 41.360 40.980 40.570 39.786 
C 4.903 5.484 6.547 7.510 8.693 11.451 
D 0.397 0.466 0.602 0.736 0.913 1.374 
OD 0.478 0.551 0.694 0.834 1.018 1.494 
F; (calc) 8.572 7.874 6.798 5.987 5.141 3.637 
F; (rd) 8.75 9.75 10.75 11.75 12.75 13.75 
k 36.000 36.000 36.000 36.000 36.000 36.000 
Na 23.86 17.90 11.38 8.03 5.55 2.77 
Np 23.50 17.54 11.02 7.68 5.19 2.42 
Lo DOM 7 2.338 2.127 2.126 2.266 2.918 
Ligivt 2.874 2.567 2.328 2.300 2.412 3.036 
(Oa) A 21.068 20.920 20.680 20.490 20.285 19.893 
(nf)A 2.000 2.000 2.000 2.000 2.000 2.000 
Kp 1.301 1.264 1.216 1.185 1.157 1.117 
(Ta) body 11.141 10.994 10.775 10.617 10.457 10.177 
(Tim )body 33.424 32.982 32.326 31.852 31.372 30.532 
der 73.176 72.663 71.828 71.169 70.455 69.095 
Sie 38.519 38.249 37.809 37.462 37.087 36.371 
(NF )body 2.531 2.547 2.569 2.583 2.596 2.616 
(K)p 1.250 1.250 1.250 1.250 1.250 1.250 
(Ta) B 10.705 10.872 11.080 11.200 11.294 11.391 
(tm) B 32.114 32.615 33.240 33.601 33.883 34.173 
(Ss+)B 68.298 67.819 67.040 66.424 65.758 64.489 
(Sse) B 35.708 35.458 35.050 34.728 34.380 33.717 
(nf)B 2.519 2.463 2.388 2.341 2.298 2.235 
Sy 134.156 133.215 131.685 130.476 129.168 126.674 
(04) max 84.273 83.682 82.720 81.961 81.139 79.573 
(ny)A 1.592 1.592 1.592 1.592 1.592 1.592 
Tj 21.663 23.820 25.741 27.723 29.629 31.097 
r 0.945 1.157 1.444 1.942 2.906 4.703 
(Ssy) body 85.372 84.773 83.800 83.030 82.198 80.611 
(Ssa)y 30.958 32.688 34.302 36.507 39.109 40.832 
(Ny) body 2.779 2.973 3.183 3.438 3.740 4.012 
(Ssy)B 73.176 72.663 71.828 71.169 70.455 69.095 
(3 ) wax 42.819 43.486 44.321 44.801 45.177 45.564 
(ny)B 1.709 1.671 1.621 1.589 1.560 1.516 
fom — 1.246 — 1.234 — 1.245 — 1.283 — 1.357 — 1.639 


optimal fom 


The shaded areas show the conditions not satisfied. 
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10-31 For the hook, 
M=FRsin0é, 0M/dF = Rsin@é 


R=D/2 


6 
1 m/2 PR 
an FR dn a0 = 
EI Jy 2 EI 


The total deflection of the body and the two hooks 


_8FDINy | jt FR’ _ 8FDIN, | F(D/2)° 


#G '°2 El a&G E(x /64)(d*) 
_ 8FD° cea 8F D? Na 
GG? Bl wg 


G 
Na =No+e QED 


10-32 Table 10-4 for A227: 
A = 140 kpsi- in”, m=0.190 


Table 10-5: E = 28.5(10°) psi 
140 , 
Sut = (0.162)0-190 = 197.8 kpsi 
Eq. (10-57): 


Sy = Oa = 0.78(197.8) = 154.3 kpsi 
D = 1.25 — 0.162 = 1.088 in 

C = D/d = 1.088/0.162 = 6.72 
4C?7—C-1 _ 4(6.72)?—6.72—1 


k= = = 1,125 
4C(C — 1) 4(6.72)(6.72 — 1) 
32M 
From o = K;—~ 
md 
Solving for M for the yield condition, 
a’ s 0.162)7(154 300 
ae Y= 572i in 


% 39K; 32(1.125) 
Count the turns when M = 0 


N =2.5 ms 
~~ d4E/(10.8DN) 
from which 
2.5 
N= 
1 + [10.8DM, /(d4E)] 
a5 


~ 1 + {[10.8(1.088)(57.2)]/[(0.162)4(28.5)(10%)]}} = 2.417 turns 
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This means (2.5 — 2.417)(360°) or 29.9° from closed. Treating the hand force as in the 


middle of the grip 
3.5 
r=1+— =2.75in 
2 
M 57.2 
F=— =~ = 20.8 lbf Ans. 
r 2.75 


10-33 The spring material and condition are unknown. Given d = 0.081 in and OD = 0.500, 
(a) D = 0.500 — 0.081 = 0.419 in 
Using E = 28.6 Mpsi for an estimate 
= d‘*E __ (0.081)*(28.6)(10°) 
10.8DN 10.8(0.419)(11) 


for each spring. The moment corresponding to a force of 8 Ibf 


Fr =(8/2)0.3125) = 13:25 Ibi -in/spnng 


= 24.7 |bf- in/turn 


The fraction windup turn is 


F ; 
jee —— = 0,536 tums 

k’ 24.7 
The arm swings through an arc of slightly less than 180°, say 165°. This uses up 
165/360 or 0.458 turns. So n =0.536— 0.458 = 0.078 turns are left (or 
0.078(360°) = 28.1°). The original configuration of the spring was 


Ans. 
28.1° 
SS 
(b) 0.419 
C = —— =5.17 
0.081 
ACS, V7 =5.17 = 
= (5.17) 5.17 -1 — 1.168 
4(5.17)(5.17 — 1) 
32M 
o= K,—~ 
md? 
32(13.25 
= 1.168 patie) = 296623 psi_ Ans. 
(0.081)? 


To achieve this stress level, the spring had to have set removed. 


10-34 Consider half and double results 


; L2 ae OM 
Straight section: >) — F M=3FR, ——=3R 
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Upper 180° section: 
OY M = F[R+ R(1 —-cos@)] 


0M 
= FR(2—cos¢), —~ = R(2-cos¢) 


oP 
Lower section: M=FRsin0 
OM : 
— = Rsind 
oP 


Considering bending only: 


,) L/2 1 m/2 

$= — | oF R dx + | FR(2—cosoy'Rag + [ F(R sino)? Ra | 
EI 0 0 0 
2F 79, ; cn gl? ge 3/7 
EI E r (4 sng +5) +R (3) 


E(t 2 a7 5 R+18L) A 
~ Er \4 a) oErY joa 


10-35 Computer programs will vary. 


10-36 Computer programs will vary. 
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11-1 For the deep-groove 02-series ball bearing with R = 0.90, the design life xp, in multiples 
of rating life, is 
30 000(300)(60) 
XD = 106 = 540 Ans. 
The design radial load Fp is 
Fp = 1.201.898) = 2.278 KN 
From Eq. (11-6), 
540 me 
Cig = 2.278 
“ | 0.02 + 4.439[In(1 /0.9)]!/1-483 
= 18.59kN Ans. 
Table 11-2: Choose a 02-30 mm with Cjp = 19.5 kN. Ans. 
Eq. (11-18): 
540(2.278/19.5)3 — 0.027! "°° 
k= exp {— 
4.439 
=(0.919 Ans. 
11-2 For the Angular-contact 02-series ball bearing as described, the rating life multiple is 


__ 50.000(480)(60) 


_ — 1440 
aD 10° 


The design load is radial and equal to 
Fp = 1.4(610) = 854 Ibf = 3.80 kN 
Eq. (11-6): 


1440 ie 
Cio = 854 


0.02 + 4.439[In(1 /0.9)]!/1.483 
= 9665 lbf = 43.0 kN 

Table 11-2: Select a 02-55 mm with Cig = 46.2 KN. Ans. 

Using Eq. (11-18), 


1440(3.8/46.2)3 — 0.027'*8° 
S| aaag, 


= 0.927 Ans. 
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For the straight-Roller 03-series bearing selection, xp = 1440 rating lives from Prob. 11-2 
solution. 


Fp = 1A650) = 2310 Ibf-= 10,279 KN 


(any? 
Cp = 102979 (=) —91.1kN 


Table 11-3: Select a 03-55 mm with Cjp = 102 KN. Ans. 
Using Eq. (11-18), 


1440(10.28 /102)!9/3 — 0,027'*8 
R= exp |- ( pve = 0.942 Ans. 


4.439 


11-4 


We can choose a reliability goal of V0.90 = 0.95 for each bearing. We make the selec- 
tions, find the existing reliabilities, multiply them together, and observe that the reliability 
goal is exceeded due to the roundup of capacity upon table entry. 

Another possibility is to use the reliability of one bearing, say R;. Then set the relia- 
bility goal of the second as 


0.90 
oa 
Ri 


or vice versa. This gives three pairs of selections to compare in terms of cost, geometry im- 
plications, etc. 


11-5 


Establish a reliability goal of V0.90 = 0.95 for each bearing. For a 02-series angular con- 
tact ball bearing, 


1440 si 
Cio = 854 


= 11315 lbf = 50.4 kN 


Select a 02-60 mm angular-contact bearing with Cjg = 55.9 KN. 


1440(3.8/55.9)° — 0.02]'*° 
Ry = ep | —[ Oe) | = 050 


For a 03-series straight-roller bearing, 


1440 
0.02 + 4.439[In(1/0.95)]!/1-483 


3/10 
Cio = 10.279 | = 105.2 kN 


Select a 03-60 mm straight-roller bearing with Cig = 123 KN. 


1440(10.28 /123)!9/3 — 0.027'“* 
Re = xp | -[ Meare ep | <9 
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Form a table of existing reliabilities 


Reoa | Ra Rg { 0.912 
0.90 | 0.927 | 0.941 | 0.872 
0.95 | 0.969 | 0.977 | 0.947 

| 0.906 


The possible products in the body of the table are displayed to the right of the table. One, 
0.872, is predictably less than the overall reliability goal. The remaining three are the 
choices for a combined reliability goal of 0.90. Choices can be compared for the cost of 
bearings, outside diameter considerations, bore implications for shaft modifications and 
housing modifications. 

The point is that the designer has choices. Discover them before making the selection 
decision. Did the answer to Prob. 11-4 uncover the possibilities? 

To reduce the work to fill in the body of the table above, a computer program can be 
helpful. 


11-6 


Choose a 02-series ball bearing from manufacturer #2, having a service factor of 1. For 
F,, = 8 kN and Fz = 4kN 


_ 5000(900)(60) _ 


XD 108 270 
Eq. (11-5): 
270 1/3 
n= = 51.8kN 
10 0.02 + 4.439[In(1 /0.90)]!/1-483 


Trial #1: From Table (11-2) make a tentative selection of a deep-groove 02-70 mm with 
Cy = 37.5 KN. 


Fa = —— =0.107 

Co 375 | 
Table 11-1: 

P/V Fj = U3 > e 

X,=0.56, Y>= 1.46 
Eq. (11-9): 
F. = 0.56(1)(8) + 1.46(4) = 10.32 kN 

Eq. (11-6): 


270\ 1/3 
Cio = 1032 (=) — 66.7 KN > 61.8 kN 


Trial #2: From Table 11-2 choose a 02-80 mm having Cio = 70.2 and Co = 45.0. 


Check: 


fe = 0.089 
Cy 45° ~ 


300 


Solutions Manual e Instructor's Solution Manual to Accompany Mechanical Engineering Design 


Table 11-1: X. = 0.56, Yo = 1.53 
F. = 0.56(8) + 1.53(4) = 10.60 kN 
Eq. (11-6): 


d70\"/" 
Cig = 10:60 (+) — 68.51 kN < 70.2kN 


.. Selection stands. 


Decision: Specify a 02-80 mm deep-groove ball bearing. Ans. 


11-7 


From Prob. 11-6, xp = 270 and the final value of F, is 10.60 kN. 


270 
0.02 + 4.439[In(1/0.96)] 1/1483 


1/3 
Cio = 10.6{ = 84.47 kN 


Table 11-2: Choose a deep-groove ball bearing, based upon Cj load ratings. 
Trial #1: 
Tentatively select a 02-90 mm. 


Cio = 95.6, Co =62KN 


F, 4 

— = — = 0.0645 

Co =: 62 

From Table 11-1, interpolate for Y.. 

Fy/Co Y> 
0.056 1.71 
0.0645 Y> 
0.070 1.63 


Yo—1.71 0.0645 — 0.056 
1.63=1.71. 0.070 —0.056 


Y. = 1.71 + 0.607(1.63 — 1.71) = 1.661 
F. = 0.56(8) + 1.661(4) = 11.12 kN 


270 ts 
0.02 + 4.439[In(1/0.96)]!/1-483 


= 88.61 KN < 95.6 kN 


= 0.607 


Cio = 11.12} 


Bearing is OK. 
Decision: Specify a deep-groove 02-90 mm ball bearing. Ans. 
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11-8 For the straight cylindrical roller bearing specified with a service factor of 1, R = 0.90 and 
F, = 12 KN 
4000(750)(60) 
ae 


Cio] 12 (+) =57.0kN_ Ans. 


180 


11-9 


Assume concentrated forces as shown. 
P, = 8(24) = 192 lbf 
Py = 8(30) = 240 lbf 
T = 192(2) = 384 lbf-in 
\" T* = —384 + 1.5F cos 20° = 0 
i= __ 384 
1.5(0.940) 
S° Ms = 5.75 Py + 11.5R%, — 14.25F sin20° = 0; 


= 272. Ibi 


thus 5.75(240) + 11.5R} — 14.25(272)(0.342) = 0 
R?, = —4.73 lbf 


| Mo = —5.75P, — 11.5R4 — 14.25F cos 20° = 0; 


thus —5.75(192) — 11.5R%, — 14.25(272)(0.940) = 0 
Ri =—413 Ibf; = Ra = [(—413)” + (—4.73)°]!” = 413 lbf 
) | Fe = Ri + P, + R4 + Fcos20° =0 
Z, + 192 — 413 + 272(0.940) = 0 
R%, = —34.7 lbf 
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\ °F? = RG + Py + Ry — Fsin20 =0 
Re + 240 — 4.73 — 272(0.342) = 0 
RY, = —142 lbf 
Ro = [(—34.6)” + (—142)7]!/? = 146 Ibf 
So the reaction at A governs. 
Reliability Goal: 0.92 = 0.96 
Fp = 1.2(413) = 496 lbf 
xp = 30000(300)(60/10°) = 540 
540 ue 
0.02 + 4.439[In(1/0.96) ]!/1-483 
= 4980 lbf = 22.16 kN 
A 02-35 bearing will do. 


Decision: Specify an angular-contact 02-35 mm ball bearing for the locations at A and O. 
Check combined reliability. Ans. 


Cio = 196 | 


11-10 Foracombined reliability goal of 0.90, use V0.90 = 0.95 for the individual bearings. 


__ 50.000(480)(60) 


a — 1440 


x0 


The resultant of the given forces are Ro = 607 Ibf and Rg = 1646 Ibf. 
At O: Fe = 1.4(607) = 850 lbf 
1440 \" : 
0.02 + 4.439[In(1 /0.95)]!/1-483 
= 112621bf or 50.1 kN 
Select a 02-60 mm angular-contact ball bearing with a basic load rating of 55.9 KN. 
At B: Fe = 1.4(1646) = 2304 Ibf 


Ball: Ci0 => 850 


1440 3/10 
0.02 + 4.439[In(1/0.95)]!/1-483 


= 23576 lbf or 104.9kN 


Select a 02-80 mm cylindrical roller or a 03-60 mm cylindrical roller. The 03-series roller 
has the same bore as the 02-series ball. 


Roller: Cio = 2304 | 
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11-11 = The reliability of the individual bearings is R = V0.999 = 0.9995 


From statics, 
Ro =—163.4N, R3=107N, Ro =195N 
Ry, = —89.1N, Ri =—-174.4N, Re = 196N 


60 000(1200)(60) 

xp = ae ~ 4320 

Cio = 0.196 4340 ss 
— 0.02 + 4.439[In(1/0.9995)]!/1.483 


= 8.9 kN 


A 02-25 mm deep-groove ball bearing has a basic load rating of 14.0 KN which is ample. 
An extra-light bearing could also be investigated. 


11-12. Given: 
F,4 =560\lbf or 2.492 kN 
F,3 = 1095 lbf or 4.873 kN 


Trial #1: Use K4 = Kg = 1.5 and from Table 11-6 choose an indirect mounting. 


0.47 F, 0.47 F, 
Se 5 — (-1)(0) 
Ka 
0.47(2.492) 0.47(4.873) 
———_——. <? > —___ 
|, 1.5 
0.781 < 1.527 Therefore use the upper line of Table 11-6. 


Foa = Fa =— = 1.527 kN 


Ps =O0AF,4 + KaFoa = 0.4(2.492) + 1.511.527) = 3.29 KN 
Pr = Fpp = 4.873 KN 
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Fig. 11-16: fr =0.8 
Fig. 11-17: fyH=i7 
Thus, a3, = fr fy = 0.8(1.07) = 0.856 


Individual reliability: R; = V0.9 = 0.95 


Eq. (11-17): 0.3 
_ a es 
Cig) A NO) Peron — SSO | 


= 11.40 kN 


0.3 
(Cio)p = 1.4(4.873) 40 000(400)(60) 


4.48(0.856)(1 — 0.95)?/3(90)(10°) 
= 16.88 kN 
From Fig. 11-14, choose cone 32305 and cup 32305 which provide F, = 17.4 KN and 


K = 1.95. With K = 1.95 for both bearings, a second trial validates the choice of cone 
32 305 and cup 32305. Ans. 


11-13 
| RS, R= v0.95 = 0.975 
S T = 240(12)(cos 20°) = 2706 Ibf- in 
2706 
= ———_—__ = 498 lbf 
6 cos 25° 


In xy-plane: 
) "Mo = —82.1(16) — 210(30) + 42R2, = 0 
Re = 181 lbf 
Rs = 82+ 210 — 181 = 111 lbf 
In xz-plane: 


S "Mo = 226(16) — 452(30) — 42R% = 0 
R2, = —237 lbf 
R%, = 226 — 451 + 237 = 12 lbf 
Ro = (111? + 127)'/7 = 112 Ibf Ans. 
Rc = (181? + 237°)!/? = 298 Ibf Ans. 
Foo = 1.2(112) = 134.4 lbf 
Foc = 1.2(298) = 357.6 lbf 

_ 40.000(200)(60) 


10° = 480 


XD 
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480 1/3 
0.02 + 4.439[In(1/0.975)]!/1-483 

= 1438 lbf or 6.398 kN 

480 \" 


(Cio = 134.4 | 


0.02 + 4.439[In(1/0.975)]!/1-483 
= 3825 Ibi or 17,02 KN 


(Cin)c = 357.6] 


Bearing at O: Choose a deep-groove 02-12 mm. Ans. 


Bearing at C: Choose a deep-groove 02-30 mm. Ans. 
There may be an advantage to the identical 02-30 mm bearings in a gear-reduction unit. 


11-14 Shafts subjected to thrust can be constrained by bearings, one of which supports the thrust. 
The shaft floats within the endplay of the second (Roller) bearing. Since the thrust force 
here is larger than any radial load, the bearing absorbing the thrust is heavily loaded com- 
pared to the other bearing. The second bearing is thus oversized and does not contribute 
measurably to the chance of failure. This is predictable. The reliability goal is not V0.99, 
but 0.99 for the ball bearing. The reliability of the roller is 1. Beginning here saves effort. 


Bearing at A (Ball) 
F, = (367 + 2127)'/? = 215 Ibf = 0.957 kN 


F, = 353 lbf =2A47 KN 


Trial #1: 
Tentatively select a 02-85 mm angular-contact with Cio = 90.4 KN and Cp = 63.0 KN. 


F, 247 


a2 290500 
Co 63.0 

25 000(600)(60) 
xp = 7 = 900 


Table 11-1: X2 = 0.56, Yo = 1.88 
Fe = 0.56(0.957) + 1.88(2.47) = 5.18 kN 
Fp = faFe = 1.3(5.18) = 6.73 KN 
900 ne 
0.02 + 4.439[In(1 /0.99)]!/1-483 
= 107.7 kN > 90.4 kN 


Cio = 6.73 | 


Trial #2: 
Tentatively select a 02-95 mm angular-contact ball with Cig = 121 KN and Cp = 85 KN. 
Bq. 241 


— = — = 0.029 
Co 85 
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Table 11-1: Yo = 1.98 


F. = 0.56(0.957) + 1.98(2.47) = 5.43 kN 
Fp = 1.3(5.43) = 7.05 kN 

900 1/3 
EE | 
= 113kN<121kKN OK. 


Cio = 7.05 | 


Select a 02-95 mm angular-contact ball bearing. Ans. 


Bearing at B (Roller): Any bearing will do since R = 1. Let’s prove it. From Eq. (11-18) 


when 
3 
se 
- Xp<xXx R=1 
( Cio : 

The smallest 02-series roller has a Cig = 16.8 KN for a basic load rating. 

0.427\3 

—  ]} (900) <?> 0.02 

16.8 


0.0148 < 0.02 2 RS 1 
Spotting this early avoided rework from /0.99 = 0.995. 


Any 02-series roller bearing will do. Same bore or outside diameter is a common choice. 
(Why?) Ans. 


11-15 Hoover Ball-bearing Division uses the same 2-parameter Weibull model as Timken: 
b = 1.5, 0 = 4.48. We have some data. Let’s estimate parameters b and @ from it. In 
Fig. 11-5, we will use line AB. In this case, B is to the right of A. 

— 115(2000)(16) 

7 10° 

This establishes point 1 on the R = 0.90 line. 


=1353 


For F = 18 kN, (x)1 


log F F 
2 100 


39.6 
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The R = 0.20 locus is above and parallel to the R = 0.90 locus. For the two-parameter 
Weibull distribution, x9 = 0 and points A and B are related by: 


x4 = O[In(1/0.90)]!/" (1) 
xp = O[In(1/0.20)]!/" 
and xg/x, is in the same ratio as 600/115. Eliminating 0 


_ Hafn(1/0.20)/1n(1/0.90)} _ 
~ In(600/115) 2 


1,65 


Solving for @ in Eq. (1) 


a= i = = 3.91 
~ fin. /Ra)]!/1-65 ~~ fIn(1/0.90)] 1/165 


Therefore, for the data at hand, 


e-oo[-(sz) | 


Check R at point B: xg = (600/115) = 5.217 


oes aes 
R= exp| — 390]. = ().20 


Note also, for point 2 on the R = 0.20 line. 
log(5.217) — log(1) = log(xm)2 — log(13.8) 
(Xm)2 = 72 


11-16 


This problem is rich in useful variations. Here is one. 


Decision: Make straight roller bearings identical on a given shaft. Use a reliability goal of 
(0.99)!/° = 0.9983. 


Shaft a 
Fi = (239? + 111°)! = 264 bf or 1.175 kN 


FF = (502? + 10757)!/? = 1186 lbf or 5.28kN 


Thus the bearing at B controls 


ee — = 

0.02 + 4.439[fIn(1 /0.9983)]!/1-483 = 0.080 26 

Cio = 1.2(5.2) jo = 97.2 kN 
0.080 26 


Select either a 02-80 mm with Cj}p = 106 KN or a 03-55 mm with Cjy = 102 kN 
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Shaft b 
Ft = (874° + 22747)'/? — 2436 Ibf or 10.84kN 
Fr, = (393? + 6577)'/? = 766 bf or 3.41 kN 


The bearing at C controls 
_ 10000(240)(60) _ 


106 144 


XD 


144. \"° 
Cio = 1.2(10.84) (———})  =122kN 
0.0826 


Select either a 02-90 mm with Cjp = 142 KN or a 03-60 mm with Cjy = 123 kN 
Shaft c 

Ft = (1113? + 2385°)!/? = 2632 Ibf or 11.71 kN 

Fy, = (417° + 895°)!/* = 987 Ibf or 4.39kN 


The bearing at EF controls 
xp = 10000(80)(60/10°) = 48 


48 0.3 
Cio = 12017) | = 94.8 kN 
0.0826 


Select a 02-80 mm with Cjy = 106 kN or a 03-60 mm with Cig = 123 kN 


11-17 


The horizontal separation of the R = 0.90 loci in a log F-log x plot such as Fig. 11-5 
will be demonstrated. We refer to the solution of Prob. 11-15 to plot point G (F = 
18 KN, xg = 13.8). We know that (Cio); = 39.6 KN, x; = 1. This establishes the unim- 
proved steel R = 0.90 locus, line AG. For the improved steel 


360(2000)(60) 
(%m)1 = 109°. 


We plot point G’(F = 18 KN, xg = 43.2), and draw the R = 0.90 locus AG" parallel 
to AG 


= 43.2 


log F F 
2 100 = Improved steel 
55.8 pes Unimproved steel 


39.6 


13.8 43.2 
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We can calculate (Cio) by similar triangles. 
log(Cio)m — log 18 _ log 39.6 — log 18 
log43.2—log1 —_ log 13.8 — log 1 
log 43.2 39.6 
) 
log 13.8 \ 18 
(Ci0)m = 55.8 KN 


log(Cio)m = ) + log 18 


The usefulness of this plot is evident. The improvement is 43.2/13.8 = 3.13 fold in life. 
This result is also available by (L10)m/(L10)1 as 360/115 or 3.13 fold, but the plot shows 
the improvement is for all loading. Thus, the manufacturer’s assertion that there is at least 
a 3-fold increase in life has been demonstrated by the sample data given. Ans. 


11-18 Express Eq. (11-1) as 
Fi i¢= Chili = 5 
For a ball bearing, a = 3 and for a 02-30 mm angular contact bearing, Cig = 20.3 KN. 
K = (20.3)°(10°) = 8.365(107) 
At a load of 18 KN, life Z; is given by: 
K .365(10° 
L=—= ees 1.434(10°) rev 
For a load of 30 kN, life L> is: 
8.365(10° 
Lo = Se = 0.310(10°) rev 
In this case, Eq. (7-57) — the Palmgren-Miner cycle ratio summation rule — can be ex- 
pressed as 
l l, 
ae ae | 
Ly * Lo 
Substituting, 
200 000 rf lo = 
1.434(10°) — 0.310(10%) 
ly = 0.267(10°) rev Ans. 
Check: 
2 ; y 
00 000 0.267(10”) 1 OK 
1.434(10°) — 0.310(10°) 
11-19 =Total life in revolutions 


Let: 
/ = total turns 
fi = fraction of turns at F 
Jo = fraction of turns at Fy 
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From the solution of Prob. 11-18, L; = 1.434(10°) rev and Lo = 0.310(10°) rev. 
Palmgren-Miner rule: 


ly lb fil Ff fol 


— = | 
Ty = Ly I Lo 


from which 
_ 1 
— fi/Li + fo/L2 
1 
= {0.40/[1.434(10°)]} + {0.60/[0.310(10°)]} 


= 451585 rev Ans. 


Total life in loading cycles 
4 min at 2000 rev/min = 8000 rev 


6 min . 12 000 rev 
——_ at 2000 rev/min = ———___—- 
10 min/cycle 20 000 rev/cycle 
451585 rev 
= 22.58 cycles Ans. 
20 000 rev/cycle eee 
Total life in hours 
min 22.95 cycles 
10 =3./6m Ans 
( x) ( 60 min/h ) ia 


11-20 While we made some use of the log F-log x plot in Probs. 11-15 and 11-17, the principal 
use of Fig. 11-5 is to understand equations (11-6) and (11-7) in the discovery of the cata- 
log basic load rating for a case at hand. 


Point D 
Fp = 495.6 lbf 
log Fp = log 495.6 = 2.70 
30 000(300)(60) 
~ 106 


logxp = log 540 = 2.73 
Kp = Fpxp = (495.6)°(540) 
= 65.7(10”) Ibf? - turns 
log Kp = log[65.7(10”)] = 10.82 


Fp has the following uses: Foesign, Faesirea, fe when a thrust load is present. It can include 
application factor af, or not. It depends on context. 
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Point B 
xp = 0.02 + 4.439[In(1/0.99)] 1/1489 


= 0.220 turns 
log xg = log0.220 = —0.658 
eg a (2) = 495.6 (ey - 6685 Ibf 
XB 0.220 
Note: Example 11-3 used Eq. (11-7). Whereas, here we basically used Eq. (11-6). 
log Fg = log(6685) = 3.825 
Kp = 6685°(0.220) = 65.7(10”) Ibf® - turns (as it should) 
PointA 
F, = Fg = Cio = 6685 Ibf 
log Cio = log(6685) = 3.825 
xa =l 
logx,4 = log(1) = 0 
Kyo = F4xa = C})(1) = 6685° = 299(10") Ibf? - turns 


Note that K p/K 19 = 65.7( 10°) /[299( 10°)] = 0.220, which is xg. This is worth knowing 
since 


Kp 
Ki9 = — 
XB 


log Kio = log[299(10°)] = 11.48 


Now Cio = 6685 Ibf = 29.748 KN, which is required for a reliability goal of 0.99. If we 
select an angular contact 02-40 mm ball bearing, then C}g = 31.9 kN = 7169 lbf. 
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12-1 Givendnax = 1.000 in and Dyin = 1.0015 in, the minimum radial clearance is 


min — “max iF 15 — 1. . 
Bane _ = 2 > 000 — 0.00075 in 


Also lid =1 
r = 1.000/2 = 0.500 
rj/e = 0,500/0,00075 = 667 
N = 1100/60 = 18.33 rev/s 
P = W/(Id) = 250/[(1)(1)] = 250 psi 


Eq. (12-7): S = (667°) noe] = 0.261 
250 

Fig. 12-16: ho/¢ = 0.595 
Fig. 12-19: O/(reN1) = 3.98 
Fig. 12-18: frje=53.8 
Fig. 12-20: Q;/Q =0.5 

ho = 0.595(0.000 75) = 0.000466 in Ans. 

fa 23 — 23 _ 0.0087 

r/c 667 


The power loss in Btu/s is 
_ 2afWrN _ 2x(0.0087)(250)(0.5)(18.33) 
778(12) 778(12) 
= 0.0134 Btu/s_ Ans. 
Q = 3.98rcN1 = 3.98(0.5)(0.000 75)(18.33)(1) = 0.0274 in?/s 
QO; = 0.5(0.0274) = 0.0137 in*/s_ Ans. 


122 
je Dis - dinax = 1.250 _ ee 
r = 1.25/2 = 0.625 in 
r/c = 0.625/0.001 = 625 
N = 1150/60 = 19.167 rev/s 
Geen 
1.25(2.5) 
I/d =2.5/1.25 =2 
se (6257)(10)(10~°)(19.167) 
128 


= 128 psi 


= 0.585 
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The interpolation formula of Eq. (12-16) will have to be used. From Figs. 12-16, 12-21, 


and 12-19 
For Yd=co, hgfe=]O96, P/ Pig = 0.84, g = 3.09 
rcNl 
Q 
Yd=1, hefe=O0.77, Pi Pia =052, = 3.6 
rcNl 
iat ho/c = 0.54 Pj = 0.42 g =44 
— a oO c= < ,) Pmax — . 2 rcNIl —, * 
1 Q 
a= 2 hjje=031,. Pipex = 028, = 5.25 


rcNl 


Equation (12-16) is easily programmed by code or by using a spreadsheet. The results are: 


I/d Yoo YI yiy2s asd 


2 0.96 0.77 054 0.31 0.88 
P/Pmx 2 0.84 052 042 0.28 0.64 
2 3.09 360 440 5.25 3.28 


-. No = 0.88(0.001) = 0.00088 in Ans. 
128 


Pmax = 0.64 = 200 psi Ans. 


Q = 3.28(0.625)(0.001)(19.167)(2.5) = 0.098 in*/s_ Ans. 


as bmin —dmax _ 3.005 — 3.000 


Cmin = = 0.0025 in 
5) 2 
r = 3.000/2 = 1.500 in 
I/d = 1.5/3 =0.5 
r/c = 1.5/0.0025 = 600 
N = 600/60 = 10 rev/s 
800 
= = 177.78 psi 
1.533) pst 
Fig, 12-12: SAE 10, # = 1.75 pteyn 
1.75(10~°)(10 
S = (6007) a POOF EY) = 0.0354 
177.78 


Figs. 12-16 and 12-21: ho/c=0.11,  P/Pmax = 0.21 
ho = 0.11(0.0025) = 0.000275 in Ans. 
Pmax = 177.78/0.21 = 847 psi Ans. 
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Fig. 12-12: SAE 40, yx’ = 4.5 wreyn 
4. 
S = 0.0354 ae = 0,0910 
175 


ho/c =0.19, P/Pmax = 0.275 
ho = 0.19(0.0025) = 0.000475 in Ans. 
Pmax = 177.78/0.275 = 646 psi Ans. 


12-4 
bmin —dmax 3.006 — 3.000 
Cnin = —— = ————_ = 0.003 
2 2 
r=2,000/2 = 15:10 
Yad=1 
rie= 15/0003 = 500 
N = 750/60 = 12.5 rev/s 
600 
P = —— = 66.7 psi 
2) 
Fig. 12-14: SAE 10W, jv’ = 2.1 preyn 
2110-125) 
S = (5007 = 0.0984 
( ) 66.7 


From Figs. 12-16 and 12-21: 
Naft=0.94, £1 Pipe =0295 
ho = 0.34(0.003) = 0.001020 in Ans. 


66.7 


Pmax = 0.395 = 169 psi Ans. 
Fig. 12-14: SAE 20W-40, 1.’ = 5.05 pareyn 


5.05(10~°)(12.5) 
66.7 


S = (5007) = ().237 


From Figs. 12-16 and 12-21: 
Heje=O05), Ll Page =04/ 
ho = 0.57(0.003) = 0.00171 in Ans. 


66.7 
Pmax = 0.47 = 142 psi Ans. 
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12-5 oe = 
jin Prin — Gna _ 20004 = 2 _ 0.0012 in 
2 2 
.d@ 2 , 
= == lim ijd=i1/2=050 
2 2 
r/e= 1/00012 = 833 
N = 800/60 = 13.33 rev/s 
600 
P= —— = 300 psi 
2(1) 
Fig. 12-12: SAE 20, ’ = 3.75 reyn 
3.75(10~°)(13.3 
S = (8337) ee | oars 
300 
From Figs. 12-16, 12-18 and 12-19: 
Kaj/e=O025;) Fi/eHs8, OfFenli=H—s3 
ho = 0.23(0.0012) = 0.000276 in Ans. 
3.8 
= — = 0.00456 
f 833 
The power loss due to friction is 
_ 2afWrN _ 2n(0.00456)(600)(1)(13.33) 
~— -778(12) 778(12) 
= 0.0245 Btu/s_ Ans. 
O =5.3rcNl 
= 5.3(1)(0.0012)(13.33)(1) 
= 0.0848 in?/s Ans. 
12-6 


bmin — dmax 25.04 — 25 
Chin = 5 = 5 = 0.02 mm 


rp =d/2=25/2= 125mm, I/d=1 
r/c = 12.5/0.02 = 625 
N = 1200/60 = 20 rev/s 
__ 1250 


352 = 2 MPa 


50(1073)(20) 


2 
For « = 50 MPa: s, S = (625°) 310%) 


= 0,195 


From Figs. 12-16, 12-18 and 12-20: 
hoje =0.52,. frj/ée=4.5, O;/@=0.57 
ho = 0.52(0.02) = 0.0104 mm Ans. 
= a2) = 0.0072 
625 
= fWr=0.0072(1.25)(12.5) =0.1125 N «mm 
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The power loss due to friction is 
HA =2nTN = 27(0.1125)(20) = 14.14 W_ Ans. 
QO, =0.570_ The side flow is 57% of OQ Ans. 


12-7 
bmin — Gmax 30.05 — 30.00 
Cnn = = 5 = 0.025 mm 


0 
r=—-=—=15mm 
2 2 


r 15 
—~=—— = 600 
c 0.025 
1120 
N = — = 18.67 rev/s 
60 
2 
ee 1.833 MPa 
30(50) 
60(107)(18.67) 
S = (600° — 0.22 
a 1.833(10°) 
1 50 
—~=— > —167 
d 30 


This//d requires use of the interpolation of Raimondi and Boyd, Eq. (12-16). 
From Fig. 12-16, the h,/c values are: 
1/4 => 0.18, Y1/2 => 0.34, y= 0.54, Yo = 0.89 


h 
Substituting into Eq. (12-16), — = 0.659 
Cc 


From Fig. 12-18, the fr/c values are: 
yA~=T4, yi2=6.0, yi =5.0, Yoo = 4.0 


Substituting into Eq. (12-16), Jr = 4.59 
c 


From Fig. 12-19, the Q/(rcN/) values are: 
1/4 = 5.65, 1/2 = 5.05, y= 4.05, Yoo = 2.95 


Substituting into Eq. (12-16), — = 3.005 
fe 


ho = 0.659(0.025) = 0.0165 mm _ Ans. 
f =4.59/600 = 0.00765 Ans. 
Q = 3.605(15)(0.025)(18.67)(50) = 1263 mm?/s_ Ans. 
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- Cig = i So = PES = 0.05 mm 
l/d = 36/75 =0.5 (close enough) 
fHd/2= 15/2=375 mm 
Fié =3/.5/0.03:= 150 
N = 720/60 = 12 tev/s 
= 200 oat 
Fig. 12-13: SAE 20, w = 18.5 MPa-s 
S=(750°) ae] = 0.169 
0.741(10°) 
From Figures 12-16, 12-18 and 12-21: 
fgfo=]029, frfe=SAy Pipe =0315 
ho = 0.29(0.05) = 0.0145 mm _ Ans. 
f =3,1/750 = 0.0068 
T = fWr = 0.0068(2)(37.5) = 0.51 N-m 
The heat loss rate equals the rate of work on the film 
oss = 20 T N = 277(0.51)(12) = 38.5 W Ans. 
Poax = 0,741/0.315 =2.35 MPa Ans. 
Fig. 12-13: SAE 40, « = 37 MPa-s 
S = 0,169(37)/16.5 =0.338 
From Figures 12-16, 12-18 and 12-21: 
hje=j{OA42, fr/eHsBi, -P/ pig =O028 
he = 0.42(0.05) = 0.021 mm _ Ans. 
Jf =85/150 =O0113 
T= fwWwr=0.0113@)(37.5) =0.85 N-m 
Aioss = 20 T N = 277(0.85)(12) = 64 Ws Ans. 
Pmax = 0.741/0.38 = 1.95 MPa_ Ans. 
12-9 


bmin — dmax 50.05 — 50 
Cnin = 9) = 5) = 0.025 mm 


r= d/2=50/2=25mm 
r/c = 25/0.025 = 1000 
I/d = 25/50 =0.5, N = 840/60 = 14 rev/s 
2000 


25(50) a 
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Fig. 12-13: SAE 30, w = 34 MPa-s 
34(10~7)(14) 
1.6(10°) 

From Figures 12-16, 12-18, 12-19 and 12-20: 
h,/c=0.40, fr/c=7.8, OQ;/0=0.74, O/(rcNl =4.9 
ho = 0.40(0.025) = 0.010 mm_ Ans. 
f =7.8/1000 = 0.0078 
T = fWr = 0.0078(2)(25) = 0.39N-m 
H =2nTN = 2n(0.39)(14) = 34.3 W Ans. 
O = 4.9rcNI = 4.9(25)(0.025)(14)(25) = 1072 mm/s 
Q, = 0.74(1072) = 793 mm/s Ans. 


S = (10007) = 0.2975 


12-10 Consider the bearings as specified by 


Seco ty 
minimum f: Ces ; be 


/+0 +t, 
dito, ptt 


maximum W: i 


and differing only in d andd’. 


Preliminaries: 
I/d =1 
P = 700/(1.257) = 448 psi 
N = 3600/60 = 60 rev/s 
Fig. 12-16: 
minimum /: S = 0.08 
maximum W: S = 0.20 
Fig. 12-12: ww = 1.38(10~°) reyn 
UN /P = 1.38(10-°)(60/448) = 0.185(10~°) 
Eq. (12-7): 


For minimum f: 


r | 0.08 
-~= /___—___ = 658 
c V 0.185(10-%) 


c = 0.625/658 = 0.000 950 = 0.001 in 
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If this is Cmin, 
b —d = 2(0.001) = 0.002 in 
The median clearance is 


ae o oi 


c= Cmin 


and the clearance range for this bearing is 


ta + th 


Ac = 
c 2 


which is a function only of the tolerances. 


ro 0.2 9646 
c \0.185(10-5) 


c = 0.625/1040 = 0.000 600 = 0.0005 in 


For maximum W: 


If this is Cmin 
b — d’ = 2cmin = 2(0.0005) = 0.001 in 


t t t t 
dt _ goo95 4 41% 


The difference (mean) in clearance between the two clearance ranges, Crange, 18 


t, 1, 1, t 
Crange = 0.001 + ee = (0.0005 + a 


= 0.0005 in 
For the minimum / bearing 
b —d = 0.002 in 
or 
d = b — 0.002 in 


For the maximum W bearing 
d’ = b— 0.001 in 
For the same b, tp and tg, we need to change the journal diameter by 0.001 in. 
d' —d =b—0.001 — (b — 0.002) 
= 0.001 in 


Increasing d of the minimum friction bearing by 0.001 in, defines d’ of the maximum load 
bearing. Thus, the clearance range provides for bearing dimensions which are attainable 
in manufacturing. Ans. 
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12-11. Given: SAE 30, N = 8rev/s, 7, =60°C, l[/d=1, d=80mm, b= 80.08 mm, 


W = 3000N 
bmin — dmax 80.08 — 80 
n= 5 = 5 = 0.04 mm 

r =d/2= 80/2 = 40 mm 

r 40 

— = —— = 1000 

c 0.04 

— a = 0.469 MPa 

80(80) 


Trial #1: From Figure 12-13 for T = 81°C, w = 12 MPa-s 
AT = 2(81°C — 60°C) = 42°C 


12(1077)(8) 
S = (10007) | ———— | = 0.2047 
( ) 0.469(10°) 
From Fig. 12-24, 
0.120AT ‘5 
—— = 0.349 + 6.009(0.2047) + 0.0475(0.2047)* = 1.58 
0.469 
AT = 1.58 (| ——— ) = 6.2° 
2 (sa) Oa 


Discrepaney = 42°C = 62°C = 35.6°C 
Trial #2: From Figure 12-13 for T = 68°C, «= 20 MPa-s, 


AT =2(68°C = 60°C) = 16°C 
20 
S = 0.2047 (5) = 0.341 


From Fig. 12-24, 


0.120AT ; 
~~ = 0.349 + 6.009(0.341) + 0.0475(0.341)? = 2.4 
A 
aT =2.4( 246?) — 94°C 
0.120 


Discrepancy = 16°C — 9.4°C = 6.6°C 
Trial #3: 4 = 21 MPa-s, T=65°C 
AT = 2(65°C — 60°C) = 10°C 


Pal 
S = 0.2047 | — } = 0.358 
12 
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From Fig. 12-24, 


0.120AT : 
—— = 0.349 + 6.009(0.358) + 0.0475(0.358)" = 2.5 
0.469 
AT =2,5(—_ ) = 9.8° 
° (sa) eee 


Discrepancy = 10°C =9.8°C=02°C ‘O.K. 
Tay = 65°C. Ans. 
fH] Al j2 =69°C=110C 2) = ore 
19 = Typ Al 2 = 09°C. U0'C2) = 70°" 
S = 0.358 
From Figures 12-16, 12-18, 12-19 and 12-20: 


h 
"= 0.68, fr/c=7.5, g _ cece Qs 0.44 
c r Q 


cNl 
h, = 0.68(0.04) = 0.0272 mm _ Ans. 
f= a = 0.0075 
1000 


T = f Wr = 0.0075(3)(40) = 0.9N-m 
H =2nTN = 2n(0.9)(8) =45.2W Ans. 
Q = 3.8(40)(0.04)(8)(80) = 3891 mm?/s 
O, = 0.44(3891) = 1712 mm?/s_ Ans. 


12-12 Given:d = 2.5 in, b = 2.504 in, Cnn = 0.002 in, W = 1200 Ibf, SAE = 20,7, = 110°F, 
N = 1120 rev/min, and / = 2.5 in. 
For a trial film temperature Ty = 150°F 


Ty ie 5 AT (From Fig. 12-24) 
150 2.421 0.0921 18.5 


18.5°F 
2 =119 3°F 


AT 
Ts = T; + 2 = 110°F + 


Ty — Tay = 150°F — 119.3°F 
which is not 0.1 or less, therefore try averaging 


IO Rs? 119.4" F 


(T} new = 5) = 134.6°F 
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Proceed with additional trials 


Trial New 
Tr w S AT Tay Ty 


150.0 2421 0.0921 185 119.3 134.6 
134.6 3453 0.1310 23.1 121.5 128.1 
128.1 4.070 Q4550 25.8 122.9 1255 
125.55 4.255 0.1650 27.0 123.5 1245 
1245 4471 O.1700 27.5 123.8 124.1 
124.1 4515 O.1710 27.7) 123.9 124.0 
124.00 4532 0.1720 27.8 123.7 123.9 


Note that the convergence begins rapidly. There are ways to speed this, but at this point 
they would only add complexity. Depending where you stop, you can enter the analysis. 


(a) w’ =4.541(10°-°), S$ =0.1724 
h 
From Fig. 12-16: 2 = 0.482, h, = 0.482(0.002) = 0.000 964 in 
Cc 


From Fig. 12-17: @¢ = 56° Ans. 


(b) e=c—h, = 0.002 — 0.000 964 = 0.00104 in Ans. 
fF 


(c) From Fig. 12-18: — = 4.10,  f =4.10(0.002/1.25) = 0.00656 Ans. 
C 


(d) T = fWr = 0.006 56(1200)(1.25) = 9.84 Ibf - in 


InTN 2 (9.84)(1120/60 
EN, 7 EO) gad nas ane. 


~ 778(12) 778(12) 
1120 
(e) From Fig. 12-19: a 4.16, QO =4.16(1.25)(0.002) { —— } (2.5) 
rcNl 60 


— 0.485 in*/s_ Ans. 


From Fig. 12-20: o =0.6, QO; =0.6(0.485) = 0.291 in’/s Ans. 
; 1200 . 
(f) From Fig. 12-21: a =0.45, pia = 3.5%(0.45) = 427 psi_ Ans. 


Pp max = 16° Ans. 


(g) Pp, = 82° Ans. 
(h) Ty = 123.9°F Ans. 
Gi) 7; + AT = 110°F 4+ 27.8°F = 137.8°F Ans. 
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12-13. Given: d = 1.250 in, tg = 0.001 in, b = 1.252 in, th = 0.003 in, J = 1.25in, W = 250 lbf, 
N = 1750 rev/min, SAE 10 lubricant, sump temperature T, = 120°F. 


Below is a partial tabular summary for comparison purposes. 


Cmin e Cmax 
0.001 in 0.002 in 0.003 in 
Ty 1322 125.8 124.0 
AT 24.3 11.5 7.96 
Tmax 144.3 131.5 128.0 
pu’ 2.587 3.014 3,150 
S 0.184 0.053 7 0.0249 
€ 0.499 0.7750 0.873 
Die 
= 4.317 1.881 1.243 
2 4.129 4.572 4.691 
rcNjl 
Qs 0.582 0.824 0.903 
Q 
ho 
“a 0.501 0.225 0.127 
oi 0.0069 0.006 0.005 9 
Q 0.094 1 0.208 0.321 
QO; 0.054 8 0.172 0.290 
Ke 0.000 501 0.000 495 0.000 382 


Note the variations on each line. There is not a bearing, but an ensemble of many bear- 
ings, due to the random assembly of toleranced bushings and journals. Fortunately the 
distribution is bounded; the extreme cases, Cmin and Cmax, coupled with c provide the 
charactistic description for the designer. All assemblies must be satisfactory. 


The designer does not specify a journal-bushing bearing, but an ensemble of bearings. 


12-14 Computer programs will vary—Fortran based, MATLAB, spreadsheet, etc. 


12-15 Inastep-by-step fashion, we are building a skill for natural circulation bearings. 


¢ Given the average film temperature, establish the bearing properties. 

¢ Given a sump temperature, find the average film temperature, then establish the bearing 
properties. 

¢ Now we acknowledge the environmental temperature’s role in establishing the sump 
temperature. Sec. 12-9 and Ex. 12-5 address this problem. 


The task is to iteratively find the average film temperature, Ty, which makes Hgen and 
FAioss equal. The steps for determining Cmin are provided within Trial #1 through Trial #3 
on the following page. 
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Trial #1: 
¢ Choose a value of Ty. 
¢ Find the corresponding viscosity. 
e Find the Sommerfeld number. 


¢ Find fr/c, then 
2545 
Agen = ——WNe jr 
1050 Cc 


Find Q/(rcN1/) and Q;/Q. From Eq. (12-15) 


_ O.103PCfric) 
~ (1-0.50;5/O)[O/(reNjD] 
hcrA(T¢ — Too) 

l+a 


AT 


Foss = 


« Display Ty; S;. Aecas ios 
Trial #2: Choose another Ty , repeating above drill. 
Trial #3: 
Plot the results of the first two trials. 


Choose (7¥)3 from plot. Repeat the drill. Plot the results of Trial #3 on the above graph. 
If you are not within 0.1°F, iterate again. Otherwise, stop, and find all the properties of 
the bearing for the first clearance, Cmin. See if Trumpler conditions are satisfied, and if so, 
analyze ¢ and Cmax - 

The bearing ensemble in the current problem statement meets Trumpler’s criteria 
(forng = 2). 

This adequacy assessment protocol can be used as a design tool by giving the students 
additional possible bushing sizes. 


b (in) tp (in) 
2.254 0.004 
2.004 0.004 
1.753 0.003 


Otherwise, the design option includes reducing//d to save on the cost of journal machin- 
ing and vender-supplied bushings. 
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12-16 Continue to build a skill with pressure-fed bearings, that of finding the average tempera- 
ture of the fluid film. First examine the case for c = Cin 


Trial #1: 


* Choose an initial T+. 

¢ Find the viscosity. 

e Find the Sommerfeld number. 
¢ Find fr/c, ho/c, and €. 

¢ From Eq. (12-24), find AT. 


AT 
Tay = Ts + 2 
¢ Display Ty, S, AT, and Tay. 
Trial #2: 
¢ Choose another Ty. Repeat the drill, and display the second set of values for T;, 
S, AT, and Tyy. 
¢ Plot Tay vs Ty: 
Ly 
2 a 
| 
| | 
1 
| | | 
(T)) (T))3 (Tp, 7 


Trial #3: 


Pick the third 7, from the plot and repeat the procedure. If(Ty)3 and(Tay)3 differ by more 
than 0.1°F, plot the results for Trials #2 and #3 and try again. If they are within 0.1°F, de- 
termine the bearing parameters, check the Trumpler criteria, and compare Ajos, with the 
lubricant’s cooling capacity. 

Repeat the entire procedure for c = Cmax to assess the cooling capacity for the maxi- 
mum radial clearance. Finally, examine c = c to characterize the ensemble of bearings. 


12-17 An adequacy assessment associated with a design task is required. Trumpler’s criteria 
will do. 


d = 50.0075:32 mm, b = 50.0847500) mm 
SAE 30, N = 2880 rev/min or 48 rev/s, W = 10kN 


bmin — dmax 50.084 — 50 
Crin = 5 — 5 = 0.042 mm 


r = d/2 = 50/2 =25 mm 
r/co= 25/0042 = 595 
1 
= 359 —5)=25mm 


l'/d = 25/50 = 0.5 
— W ___ 10(10°) 
~ Ari’ 4(0.25)(0.25) 


Pp = 4000 kPa 
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Trial #1; Choose (Ty); = 79°C. From Fig. 12-13, = 13 MPa-s. 


13(1073)(48) 
S = (5957) | —~———_* | = 0.055 
Peay 4000(103) 
; if 
From Figs. 12-18 and 12-16: —=2.3, €=0.85. 
Cc 


_ 978(10°) (fr/c)SW* 
14+ 1.5e2 per 


978(10°) ee | 


From Eq. (12-25), AT 


~ 14+1.5(0.85)2 | 200(25)4 
= '/6.0°C 
Lao = 1, ep Alj2=5s9 CSU C/2) = os"C 
Trial #2: Choose (Ty)2 = 100°C. From Fig. 12-13, 4 = 7 MPa-:s. 


7 
S = 0.055 (| — } = 0.0296 
(n) 


From Figs. 12-18 and 12-16: Jr =1.6, e€=0.90 
Cc 
10° 1.6(0.02 10? 
_ 978(10°) 6(0.0296)( 107) — 76.9°C 
1+ 1.5(0.9)2 200(25)+* 
26.8°C 
Tay = 55°C + = 68.4°C 


(100°C, 100°C) 


Ey T; 
(79°C, 93°C) 


80;— (79°C, 79°C) 


(100°C, 68.4°C) 


I 
I 
I 
I 
I 
| 
Pg 
re 
‘6070-80 90 100 7 


Trial #3: Thus, the plot gives (Ty)3 = 85°C. From Fig. 12-13, 4 = 10.8 MPa-s. 


10. 
5 = 0.055 Gea = 0.0457 
13 
fr 
From Figs. 12-18 and 12-16: ——=2.2, €=0.875 
Cc 
6 2 
oe 978(10°) 2.2(0.0457)(10°) — 586°C 
1 + 1.5(0.8757) 200(25)* 
58.6°C 
Tay = 55°C + = 84.3°C 
= 85°C + 84.3°C 
Result is close. Choose Ty = = = 84.7°C 


2 
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Fig. 12-13: pe = 10.8 MPa-s 
10. 
s —o0.055 (228) — 9.0457 
13 
h 
Jt =2.23, © =0.874, —=0.13 
GC G 
—_978(10°) _  2.23(0.0457)(107) ] __ a aS 
~ 1+ 1.5(0.874?) 200(25+) mis 
59.5°C 
Toy = 55°C + = 84.7°C O.K. 
From Eq. (12-22) 
3 
9, TPsrc 
O,= (14156) 3 
7(200)(0.0423)(25) 
= [1 + 1.5(0.874" 
re n| 3(10)(10-°)(25) 


— 3334 mm?/s 
h, = 0.13(0.042) = 0.00546mm or 0.000215in 


Trumpler: 
ho = 0.0002 + 0.000 04(50/25.4) 


= 0.000279in Not O.K. 
Tmax = Ts + AT = 55°C + 63.7°C = 118.7°C or 245.7°F O.LK. 
Ps, = 4000 kPa or 581 psi Not O.K. 
n=1,asdone Not O.K. 


There is no point in proceeding further. 


12-18 


So far, we’ve performed elements of the design task. Now let’s do it more completely. 
First, remember our viewpoint. 

The values of the unilateral tolerances, t, and tg, reflect the routine capabilities of the 
bushing vendor and the in-house capabilities. While the designer has to live with these, 
his approach should not depend on them. They can be incorporated later. 

First we shall find the minimum size of the journal which satisfies Trumpler’s con- 
straint of Ps; < 300 psi. 


W 
Pur = 577 $300 
W W 
pe a 
Wd2l /d = 7 =! e00/d) 
pa ek EO er 


2(300)(0.5) 
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In this problem we will take journal diameter as the nominal value and the bushing bore 
as a variable. In the next problem, we will take the bushing bore as nominal and the jour- 
nal diameter as free. 

To determine where the constraints are, we will set t, = tg = 0, and thereby shrink 
the design window to a point. 


We set d = 2.000 in 
b=d+2cmin = d + 2c 
Ng =2 (This makes Trumpler’sng < 2 tight) 
and construct a table. 


* 


Cc b d T; Tnax ho Pst Tmax n fom 
0.0010 2.0020 2 215.50 S120 be Vv x v —5.74 
0.0011 2.0022 2 206.75 293.0 x Vv Vv v —6.06 
0.0012 2.0024 2 198.50 217-0 % Vv v vo —6.37 
0.0013 2.0026 2 191.40 262.8 x v Vv vo —6.66 
0.0014 2.0028 2 185.23 250.4 x Vv v v —6.94 
0.0015 2.0030 2 179.80 239.6 x Vv Vv v —7.20 
0.0016 2.0032 2 175.00 2301 x v Vv v —7.45 
0.0017 2.0034 2 171.13 220.3 - v Vv v —7.65 
0.0018 2.0036 2 166.92 213.9 Vv Vv Vv v —7.91 
0.0019 2.0038 2 163.50 206.9 v Vv Vv vo —8.12 
0.0020 2.0040 2 160.40 200.6 Vv Vv Vv v —8.32 


*Sample calculation for the first entry of this column. 
Iteration yields: Ty = 215.3°F 


With Ty = 215.5°F, from Table 12-1 
wu = 0.0136(10~°) exp[1271.6/(215.5 + 95)] = 0.817(10~°) reyn 


9 
N = 3000/60 = 50 rev/s, P= = 225 psi 


2 —6 
s=( ) [| conse 


0.001 225 
From Figs. 12-16 and 12-18: é=]07,. fr/e=35 
Eq. (12-24): 0.0123(5.5)(0.182)(9002) 
ie err 
[1 + 1.5(0.72)]0)(14) 
191.6°F 
Ty = 120°F + = 215.8°F = 215.5°F 


For the nominal 2-in bearing, the various clearances show that we have been in contact 
with the recurving of (o)min. The figure of merit (the parasitic friction torque plus the 
pumping torque negated) is best at c = 0.0018 in. For the nominal 2-in bearing, we will 
place the top of the design window at Cmin = 0.002 in, and b = d + 2(0.002) = 2.004 in. 
At this point, add the b and d unilateral tolerances: 

d =2.00070 Oy in, b= 2.0047008 in 
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Now we can check the performance at Cmin, C, aNd Cmax. Of immediate interest is the fom 
of the median clearance assembly, —9.82, as compared to any other satisfactory bearing 
ensemble. 

If a nominal 1.875 in bearing is possible, construct another table with #, = 0 and 
ti = 0. 


Cc b d Ty Lonax hg Py Tmax fos fom 
0.0020 1.879 1.875 157.2 194.30 x v v v —7.36 
0.0030 1.881 1.875 138.6 157.10 Vv v v v —8.64 
0.0035 1.882 1.875 133.5 147.10 v v v v —9.05 
0.0040 1.883 1.875 130.0 140.10 Vv v vo v —9,32 
0.0050 1.885 1.875 125.7 131.45 Vv v vo v —9.59 
0.0055 1.886 1.875 124.4 128.80 Vv v v v —9.63 
0.0060 1.887 1.875 123.4 126.80 x v v v —9.64 


The range of clearance is 0.0030 < c < 0.0055 in. That is enough room to fit in our de- 
sign window. 


d = 1.875733 in, b= 1.8817)-95 in 
The ensemble median assembly has fom = —9.31. 

We just had room to fit in a design window based upon the (9) min constraint. Further 
reduction in nominal diameter will preclude any smaller bearings. A table constructed for a 
d = 1.750 in journal will prove this. 

We choose the nominal 1.875-in bearing ensemble because it has the largest figure 
of merit. Ans. 


12-19 


This is the same as Prob. 12-18 but uses design variables of nominal bushing bore b and 
radial clearance c. 
The approach is similar to that of Prob. 12-18 and the tables will change slightly. In the 

table for a nominal b = 1.875 in, note that at c = 0.003 the constraints are “loose.” Set 

b = 1,875 in 

d= L875 = 2(0.003) = 1.869 im 
For the ensemble 

b = 1.87510-003 d= 1.8691). 

Analyze at Cmin = 0.003, c = 0.004 in and cmax = 0.005 in 
At Cmin = 0.003 in: Ty = 138.4, uw’ = 3.160, S = 0.0297, Ajoss = 1035 Btu/h and the 
Trumpler conditions are met. 
At c = 0.004 in: Ty = 130°F, pw’ = 3.872, S = 0.0205, Ahoss = 1106 Btu/h, fom = 
—9.246 and the Trumpler conditions are O.K. 
Al Gipax = 0.005 10: Ty = 125.68°F, wu’ = 4.325 wreyn, S=0.01466, Ahoss = 
1129 Btu/h and the Trumpler conditions are O.K. 


The ensemble figure of merit is slightly better; this bearing is slightly smaller. The lubri- 
cant cooler has sufficient capacity. 
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12-20 From Table 12-1, Seireg and Dandage, jug = 0.0141(10°) reyn and b = 1360.0 
[(wureyn) = 0.0141 exp[1360/(T + 95)] (T in °F) 
= 0.0141 exp[1360/(1.8C + 127)] (C in °C) 
[U(MPa - s) = 6.89(0.0141) exp[1360/(1.8C + 127)] (C in °C) 


For SAE 30 at 79°C 
ju = 6.89(0.0141) exp{1360/[1.8(79) + 127]} 
= 15.2 MPa-s_ Ans. 


12-21 Originally 


d = 2.00078 in, b = 2.00540 in 


Doubled, 


d = 4.000122 in, b = 4.010799 


The radial load quadrupled to 3600 Ibf when the analyses for parts (a) and (b) were carried 
out. Some of the results are: 


_ Trumpler 
Part c ww S T; frfe Q, hfe € — hos h, h, 


(a) 0.007 3.416 0.0310 135.1 0.1612 6.56 0.1032 0.897 9898 0.000722 0.000360 0.005 67 
(b) 0.0035 3.416 0.0310 135.1 0.1612 0.870 0.1032 0.897 1237 0.000361 0.000280 0.005 67 


The side flow Q, differs because there is a c* term and consequently an 8-fold increase. 
Foss is related by a9898/1237 or an 8-fold increase. The existing /, is related by a 2-fold 
increase. Trumpler’s (19) min is related by a 1.286-fold increase 


fom = —82.37 for double size 


_ ; an 8-fold increase for double-size 
fom = —10:297 for original size 


12-22 From Table 12-8: K =0.6(107'°) in? - min/(Ibf- ft-h). P = 500/[(1)(1)] = 500 psi, 
V =2DN/12 = x(1)(200)/12 = 52.4 ft/min 


Tables 12-10 and 12-11: fH ls, f=! 
Table 12-12:  PVmax = 46700 psi- ft/min, Pax = 3560 psi, Vinx = 100 ft/min 


4 F _ 4(500) 
ax DL x(1)(1) 


Pmax = 


= 637 psi < 3560 psi O.K. 


F 
P = — =500 psi V = 52.4 ft/min 
DL 


PV =500(52.4) = 26 200 psi - ft/min < 46700 psi- ft/min O.K. 
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Solving Eq. (12-32) for ¢ 


— aDLw 7(1)(1)(0.005) _ 7 
= Gifs KVF ~ 4(1.8)(1)(0.6)(10-)(52.4)(500) = 89270 min 


Cycles = Nt = 200(83 270) = 16.7 rev Ans. 


12-23 


Estimate bushing length with f, = fo = 1, and K = 0.6(107"°) in? - min/(Ibf - ft - h) 


_ 1C1)(0.6)(10™'°)(2)(100) (400) (1000) 
7 3(0.002) 


Eq. (12-32): L = 0.80in 


From Eq. (12-38), with f; = 0.03 from Table 12-9 applying ng = 2 to F 
and ficr = 2.7 Btu/(h- ft? - °F) 
L= 720(0.03)(2)(100)(400) __ 


a§56% 
T78(2.7)(300 — 70) - 
0.80 < L < 3.58 in 
Trial J: Let L = 1in, D= 1 in 
4(2)( 100 
Pig OO A955 pe 56s. OK 
m(1)(1) 
2/100) . 
ee 250 
1) psi 
14 
= — — 104.7 ft/min > 100 ft/min Not O.K. 


Trial 2: Try D = 7/8 in, L = 1 in 


4(2)(100) 
max = ———— = 291 psi < 3560 psi O.K. 
7(7/8)(1) : 
2(1 
= ~ = 229 psi 
7/8(1) 
7 4 
V= ee = 91.6 ft/min < 100 ft/min O.K. 


PV = 229(91.6) = 20976 psi - ft/min < 46700 psi- ft/min O.K. 


4 fi 
33 1.3 
91.6 — 33 
91.6 =: 1.8 — 1. ———_—_ ] = 1.74 
ir =| 3+ (1.8 9 (=F) 7 


100 1.8 
L = 0.80(1.74) = 1.39 in 
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Trial 3: Try D = 7/8 in, L = 1.5 in 
i tes = 194 psi < 3560 psi O.K. 
2(100) 
~ 7/8(1.5) 
PV = 152(91.6) = 13 923 psi - ft/min < 46700 psi- ft/min O.K. 
P= 7/3 in, t= 1,5 mi is acceptable Ans. 


=(52 psi, V=91.6 10min 


Suggestion: Try smaller sizes. 
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13-1 
gp = 17/8 = 2.125 mi 
No 1120 
dg = —dp = ——(2.125) = 4.375 1 
Cm nag - 
Ng = Pdg = 8(4.375) = 35 teeth Ans. 
C = (2.125 + 4.375) /2 = 3.25 in Ans. 
13-2 
ng = 1600(15/60) = 400 rev/min Ans. 
p=7am=37 mm Ans. 
C = [3(15 + 60)]/2 = 112.5mm_ Ans. 
13-3 
Ng = 20(2.80) = 56 teeth Ans. 
dg = Ngm = 56(4) = 224mm _ Ans. 
dp = Npm = 20(4) = 80mm_ Ans. 
C = (224+ 80)/2=152mm Ans. 
13-4 Mesh: a= i1/P=1/3=0.3333 im, Ans. 


b= 1,25/P =1,25/3 =O0Al6/ in Ans. 

c=b—a=0.0834in Ans. 

pans P—a7/3 = 1,047 im. Ans: 

t= p/2=1.047/2=0.523 in Ans. 
Pinion Base-Circle: qa NiyPaH2/3=7 mw 

dip = 7 cos 20° = 6.578 in Ans. 
Gear Base-Circle: dg = Ny] P = 28/3 = 9.333 m 
doy = 9.333 cos 20° = 8.770 in Ans. 

Base pitch: Pb = Pc cos = (1/3) cos 20° = 0.984 in Ans. 
Contact Ratio: Mo = Las] pp = 1.53/0.984 =1.55 Ans. 


See the next page for a drawing of the gears and the arc lengths. 
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Arc of approach = 0.87 in Ans. 
SS Arc of recess = 0.77 in Ans. 
Arc of action = 1.64in Ans. 
L,, = 1.53 in 


13-5 


1/2 
2.333\2 /5.333\2]_ . 
(a) Ao = 5 + a =2.910in Ans. 


ii 2 (b) y =tan7!(14/32) = 23.63° Ans. 
r Ry Pr = tan~1(32/14) = 66.37° Ans. 
(c) dp = 14/6 = 2.333 in, 

if i dg = 32/6 = 5.333 in Ans. 


(d) From Table 13-3, 0.3Ao = 0.873 in and 10/P = 10/6 = 1.67 
0873 < 1.67 <. FS0873 in Ans, 


TUK NSS 
l" ie 
(a) Py = 7/5 = 0.6283 in 
DP: = p,/cos = 0.6283/cos 30° = 0.7255 in 


Px = pr/tan yy = 0.7255/tan 30° = 1.25 in 
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(b) Pub = Pn COS bn = 0.6283 cos 20° = 0.590 in Ans. 
(c) P) = P, cos Ww = 5cos 30° = 4.33 teeth/in 
dy = tan~!(tan gn/cosw) = tan !(tan 20°/cos 30°) = 22.8° Ans. 
(d) Table 13-4: 
a=1/5=0.200in Ans. 
b= 1.25/53 =0250im Ans. 


dp = a 3.926in A 
Poe ae in Ans. 
34 
G= 5 cos 30° = 7.852in Ans. 
13-7 | | 
SIN SWZ 
ss i 


20° 
gy = 14.5°, P, = 10 teeth/in 


(a) py = 2/10 = 0.3142 in Ans. 


, 0.3142 . 

pees (S345 %n Ans. 
cosy cos 20° 
0.3343 

en =(0185in Ane 


~ tan tan 20° 


(b) P; = P, cos w = 10cos 20° = 9.397 teeth/in 


tan 14.5° 
é =tan-? ( 2") = 15.30° Ans 
cos 20° 


(ec) a=1/10=0.100in Ans. 
b=1.25/10=0123 im Ans: 


19 
= ——__—_ = 2.0221 : 
dp 10 cos 20° 022 in Ans 
57 ; 
dg = 6.066in Ans. 


~ 10cos 20° 
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13-8 From Ex. 13-1, a 16-tooth spur pinion meshes with a 40-tooth gear, mg = 40/16 = 2.5. 


Equations (13-10) through (13-13) apply. 
(a) The smallest pinion tooth count that will run with itself is found from Eq. (13-10) 


/ eo 
6a ¢ (14 1+ 3sin 6) 


ee (1 +¥1+3sin 20°) 


=% sin? 20° 
> 12.32 > 13 teeth Ans. 
(b) The smallest pinion that will mesh with a gear ratio of mg = 2.5, from Eq. (13-11) is 
2(1) 
~ [1 + 2(2.5)] sin? 20° 
> 14.64 — 15 pinion teeth Ans. 


Np = 


{25 4: (2.82 + [1 + 2(2.5)] sin? 20°| 


(c) The smallest pinion that will mesh with a rack, from Eq. (13-12) 
4k 4(1) 
NP ae — = oan 
2sin°@ 2sin* 20° 


IV 


17.097 — 18 teeth Ans. 
(d) The largest gear-tooth count possible to mesh with this pinion, from Eq. (13-13) is 
Np 2 sin? @ — 4k? 
Ne < 
4k —2Np sin? 
2 13? sin? 20° = 4(1)- 
~ 4(1) — 2(13) sin? 20° 
< 16.45 — 16teeth Ans. 


13-9 


From Ex. 13-2, a 20° pressure angle, 30° helix angle, p; = 6 teeth/in pinion with 18 full 
depth teeth, and ¢; = 21.88°. 


(a) The smallest tooth count that will mesh with a like gear, from Eq. (13-21), is 
2 (1 +44 + 3sin? 

6 sin’ d; 

4(1) cos 30° 
~ 6sin? 21.88° 
>9.11— 10teeth Ans. 

(b) The smallest pinion-tooth count that will run with a rack, from Eq. (13-23), is 
_ 4k cos w 
—~ 2sin? ¢; 
4(1) cos 30° 
~ 2 sin? 21.88° 
> 12.47 > 13 teeth Ans. 


(1 fh + 3 sin? 21.88°) 
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(c) The largest gear tooth possible, from Eq. (13-24) is 

e Ne sin? o, — 4k? cos? w 

~ 4k cosy — 2Np sin’ ¢; 

7 10? sin? 21.88° — 4(17) cos? 30° 
~ 4(1) cos 30° — 2(10) sin? 21.88° 
< 15.86 — 15teeth Ans. 


NG 


13-10 Pressure Angle: ¢; = tan”! (= a ) = 22,796" 


cos 30° 


Program Eq. (13-24) on a computer using a spreadsheet or code and increment Np. The 
first value of Np that can be doubled is Np = 10 teeth, where Ng < 26.01 teeth. SoNgG = 
20 teeth will work. Higher tooth counts will work also, for example 11:22, 12:24, etc. 


Use 10:20 Ans. 


13-11 Refer to Prob. 13-10 solution. The first value of Np that can be multiplied by 6 is 
Np = 11 teeth where Ng < 93.6 teeth. So NG = 66 teeth. 
Use 11:66 Ans. 
13-12 Begin with the more general relation, Eq. (13-24), for full depth teeth. 
No sin’ ¢, — 4cos? y 
NG = a 
4Acos w — 2Np sin’ ¢; 
Set the denominator to zero 
4cosw — 2Np sin’ ¢, = 0 
From which 
. 2cos w 
sin gy = ,| ——— 
or Np 
[2cosw 
eas L 
od; = sin Bs 
For Np = 9 teeth andcos y = 1 
_ 1 {2(1) 
pt = sin “ee = 28.126° Ans. 
13-13 


= 25°, $, = 20, m=3mm 


(a) Pp = TM, =37mmMm Ans. 
Pt = 3m/cos25° = 10.4mm_ Ans. 
Px = 10.4/tan25° = 22.3mm_ Ans. 
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(b) m, = 10.4/m7 = 3.310mm _ Ans. 
je =e , tan 20° 
cos 25° 
(c) dp = 3.310(18) = 59.58mm_ Ans. 
dg =3.310(32) = 105.92 mm Ans; 


= 21.88° Ans. 


13-14 (a) The axial force of 2 on shaft a is in the negative direction. The axial force of 3 on 


shaft D is in the positive direction of z. Ans. 


BI = 
3 
gut _ 
2 


The axial force of gear 4 on shaft b is in the positive z-direction. The axial force of 
gear 5 on shaft c is in the negative z-direction. Ans. 


5. 
c 
p84 _ 
4 


14 /16 : 
(b) ng = ns = 34 (:2) (900) = +103.7 rev/min ccw_ Ans. 


(c) dp2 = 14/(10cos 30°) = 1.6166 in 
dg3 = 54/(10 cos 30°) = 6.2354 in 
1.6166 + 6.2354 
Cab = a = 3.926in Ans. 
dpa = 16/(6cos 25°) = 2.9423 in 
dgs = 36/(6cos 25°) = 6.6203 in 
Coe = 4.781 in Ans. 


2 
13-15 e= tS ou i : 
40 \ 17/7 \ 60 a1 


4 
Nd = rae = 47.06 rev/mincw_ Ans. 


Chapter 13 339 


13-16 

_ 6 (18\ (20 3) .3 

“= 70 \38) (as) (36) ~ 304 
3 
Ng = ——(1200) = 11.84 rev/mincw Ans. 
304 
13-17 
12 1 ' 
(a) ne = 0" 7940) = 162 rev/min cw about x. Ans. 


(b) dp = 12/(8cos 23°) = 1.630 in 
dg = 40/(8 cos 23°) = 5.432 in 


dp+dg 
2 


= 3.53lin Ans. 


32 
(c) d= 7. = 8 inat the large end of the teeth. Ans. 


13-18 (a) The planet gears act as keys and the wheel speeds are the same as that of the ring gear. 


Thus 
na = n3z = 1200(17/54) = 377.8 rev/min Ans. 
(b) np =ns = 0, ny =N6, e==! 
_ neo — 377.8 
~ 0—377.8 


377.8 = no — 377.8 
no = 755.6 rev/min Ans. 


Alternatively, the velocity of the center of gear 4 is v4, « Non3. The velocity of the 
left edge of gear 4 is zero since the left wheel is resting on the ground. Thus, the ve- 
locity of the right edge of gear 4 is 2v4- « 2Non3. This velocity, divided by the radius 
of gear 6 « Ne, is angular velocity of gear 6—the speed of wheel 6. 


= 2N6n3 


NV = 2n3 = 2(377.8) = 755.6 rev/min Ans. 
6 


“NG 


(c) The wheel spins freely on icy surfaces, leaving no traction for the other wheel. The 
car is stalled. Ans. 


13-19 (a) The motive power is divided equally among four wheels instead of two. 


(b) Locking the center differential causes 50 percent of the power to be applied to the 
rear wheels and 50 percent to the front wheels. If one of the rear wheels, rests on 
a slippery surface such as ice, the other rear wheel has no traction. But the front 
wheels still provide traction, and so you have two-wheel drive. However, if the rear 
differential is locked, you have 3-wheel drive because the rear-wheel power is now 
distributed 50-50. 
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13-20 Let gear 2 be first, thenn- = nz = 0. Let gear 6 be last, then ny = ng = —12 rev/min. 
20 (16 16 nr —na 

ez — —_ = = e = —_ 

30 \ 34 51 Nrp—Nna 

(0 ) ~ 12 

—na)— =—12-n 
A 51 A 


—12 
na= 35/51 = —17.49 rev/min (negative indicates cw) Ans. 


Alternatively, since N « r, letv = Nn (crazy units). 


v = None No = 20 + 30 — 16 = 34 teeth 


VA _ Uv = tee NaNono 
Na Na— Ns N, — Ns 
oe NaNono 
"A Na+ Na (Na+ Na)(Na — Ns) 
30(34)(12) 


~ (20 + 30)(30 — 16) 


= 17.49 rev/mincw Ans. 


13-21 Let gear 2 be first, thenn - = nz = 180 rev/min. Let gear 6 be last, thenn, = ng = 0. 


_ 20 16 _ 16 _ AL—NaA 
“= 30 \34) — 


51’ Nnr—nNna 


16 
0 =(0S74) 


1 
na = (-3) 180 = —82.29 rev/min 


The negative sign indicates opposite nz. n4 = 82.29 rev/mincw_ Ans. 


Alternatively, since N « r,letv = Nn (crazy units). 


VA _ ) — Non 
Ns Na—Ns Ny—WNs5 
Ns Non2 
vA = ——— 
N4 — Ns 
VA Ns N2n2 
na = OC CO errrr 
Na+ Ng (Nz + Na)(Na — Ns) 
16(20)(180) 


~ — 82.29 rev/mi en 
(20 + 30)(30 — 16) rev/min cw ns 


Chapter 13 341 


13-22 Ns = 124 2(16) + 2(12) = 68 teeth Ans. 


Let gear 2 be first, np = ny = 320 rev/min. Let gear 5 be last,n;, = n5 = 0 


_ 12 /16\ (12) 3 _nn—na 
16 12) (68) CO oe 


17 
320 — nA = a = na) 


3 
na = — 729) = —68.57 rev/min 


The negative sign indicates opposite ofn2 .. ng = 68.57 rev/mincw_ Ans. 


Alternatively, 


— 2n,(N, + 2N, + Ny) = nN, + 2n,(N, + N3) 


\ 
n,(Ny + N3) 
v =nN, )} 2ny(Ny + 2N; + Ny) — 2n4(N, + N3) = 1,N, 


noN> 320(12) 
n = = 
A 9(N3-+ Na) 2(16 + 12) 


= 68.57 rev/min cw Ans. 


13-23 Let np =n. thenny, =n7 = 0. 


24 (18) (36 8 
2S SS — —— = —— 
18 \ 30/7 \54 15 


ny — Ns 8 
e= ==, = 
Np — Ns 15 
0-5 8 15 
=—-— > no =5+ —(5) = 14.375 turns in same direction 
nz —5 15 8 


13-24 (a) Letnr =n2 =—0, thenny, = ns. 
99 (=) 9999 ny —na ny —na 
e= = 


= 100 100) 10000" np =an Oey 

ny —na = —ena 

fi, = nal=e + 1) 
9999 1 

icone Coe Z = (0001 Ans. 
ie 10000 10000 

Nz 101 . 

See a 
(b) d4 5 10 0.1 in 
100 
= 55 = an 


ds 10 : 
dhousing > 2 | dg + ot ia 2{ 10.1 + a) 30.2in Ans. 
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n2=Np=NF, NA=Ng, NAL =Ns= 
= 21 nr —Nna 
— 444 np—ng 
21 ( )=0 
CT a a ae 
With shaft b as input 
21 - 21 ie 444 0 
n n na= 
444." " 444° 4" 444’ 4 
NA Na _ 21 
np np 465 
Ng = 465" in the same direction as shaft b, the input. 

Alternatively, 

VA _ noN> 

Na N3+N4 

nyNrN4 
v4 = ——— 
N3 + N4 
VA nyNrN4 
Ng =NnNn,a = = 
Na+ N3 (No + N3)(N3 + Na) 
18(21)(np) 


= (18 + 7(72 + 21) = 465 np inthe same direction as b 


Ans. 


13-26 


Np=Nn2=Na, 


np =n = 0 


24 (22 11 ne —na O— np 
= — — = — 3 ( 
18 \ 64 24 NF-NA Nqg—Nbp 
11 0O- 11 
—_——_—_ = Nb aD = — Ans 
24 NnNg—np Ng 35 
Yes, both shafts rotate in the same direction. Ans. 
Alternatively, 
VA n2N2 No N2Ns5 
= = Na, A= Na 
Ns N3+N5  N3+N5 N3 + Ns 
VA No Ns 
na = Np = ———— = 2, 
No-+Ng (Na+ N3)CN3 + Ns) 
Np 24(22) 11 
= = Ans. 
Ng (244+ 18)(22+18) 35 
np rotatesccw .. Yes Ans. 


ny =ns=Nnp, 


na =Ngq 


20 (20 29 
e= a = 
24 \ 24 36 
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25 _ Nb —Na 
36 O—n 
11 
ue = — Ans. 
Ng 36 
Same sense, therefore shaft b rotates in the same direction as a. 
Alternatively, 
vs (No + N3)na 
(N, + N3)n, N3 ~ Na N3 
yoo er Nan 
5= a 
v=0 a ae (N2 + N3)(N3 — Na)na 
ae Ns N3Ns 
Nb (20 + 24)(24 — 20) 
Na 24(24) 
11 
=-—  samesense Ans. 
36 
13-28 (a) @ = 27n/60 
H=Tw=2nTn/60 (TinN-m, dA inW) 
60H (103) 
So ee 
20n 
= 9550H/n (HinkW, n in rev/min) 
9550(75 
= 2209) ) = 398N-m 
1800 
N 5(17 
pani 
2 2 
So 
T, 398 
Fi, = = —— = 9.36kN 
Ir 42.5 


peo eS 


F3p = —Fp3 = 2(9.36) = 18.73 KN in the positive x-direction. 


/ * 
ay) 


_ | "398 Nem 


See the figure in part (b) on the following page. 
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N. 301 
(b) rg = ieee 200) = 127.5 mm 
2, 2 
{936 | 
ye | my Fy 
3 
f.) ’ 
b 
F,3 | 18.73 
ee wee 
=) 936 | 
Tea = 9.36(127.5) = 1193 N-m ccw 
“Ty. =1193N-mcw Aas. 
ms 
/ | 
- ) Note: The solution is independent of the pressure angle. 
. T.4 = 1193 y 
9.36 1 
13-29 


d= 
d> = 4 in, d4 = 4 in, ds = 6 in, dg = 24 in 


_ 24 24 36 _ 1/6 — np = 1000 rev/mi 
=a 36 re /6, fip=ne= rev/min 


ip =ng=0 


ne —Nna O-—n, 
e= — 
nrF—Nna 1000 —n, 


na = —200 rev/min 
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63 025H 
Input torque: 2 = —— 
n 
63 025(25) . 
= ———— = 1576 lbf - 
: 1000 ae 
For 100 percent gear efficiency 
63 025(25) . 
Tam = ————— __ = _ 7878 lbf - 
200 oe 


1576 


F3, = 788 tan 20° = 287 lbf 


Fag = 2W' = 2(788) = 1576 lbf 


Gear 5 
2W' = 1576 Ibf 
| gs 
| F’ = 287 Ibf 
eA W! = 788 Ibf 
Arm 


Tw, 1576 Ibf 


Tout = 1576(9) — 1576(4) = 7880 Ibf-in Ans. 


~<— 4" >< an 


1576 bf 


13-30 Given: P =2 teeth/in, np = 1800 rev/min cw, No = 18T, N3 = 32T, Ng = 18T, 
Ns = 48T. 


Pitch Diameters: 23 = 18/2=]9m: dy=—32/2=16m dy=18/2=9im; ds= 
48/2 = 24 in. 
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Gear 2 


i 566 Ibf 
Tyo = 63 025(200)/1800 = 7003 Ibf - in 
[ _ \ W' = 7003/4.5 = 1556 bf 
\ 


} W’ = 1556 tan 20° = 566 lbf 
i , Lo = 7003 Ibf+in 


W' = 1556 lbf 


Gears 3 and 4 


_ W' = 2766 lbf 


» 
\_ 
F 


Tw" = 1007 ibf 
NF 
See 


W' = 1556 Ibf i 
| . 
eae W" = 566 lbf Ans. 


“4 
[ f ‘ (I W'(4.5) = 1556(8), W*‘ = 2766 Ibf 
W’ = 2766 tan 20° = 1007 lbf 


13-31 Given: P=5 tecth/m, Na=I18f, No =]45r, @=20°,. H=32hp, n= 


1800 rev/min. 
Gear 2 
63 025 
in = cede = 1120 lbf- in 
1800 
18 ; 
dp = = = 3.600 in 
45 
ieg= = = 9.000 in 
1120 
l= ——_ = 622 lbf 
oo 26/2 


W, = 622 tan 20° = 226 Ibf 
F', = Wi, = 622 Ibf, F', = Wi, = 226 lbf 
Fy. = (6227 + 2267)!/? = 662 Ibf 


Each bearing on shaft a has the same radial load of Ra = Rg = 662/2 = 331 lbf. 
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Gear 3 
la dee ON Z a ele t t 
Fi x Wi, = WL, = 622 lbf 
( eee ) W3, = WI, = 226 Ibf 
Rd Fy3 = Fp, = 662 bf 
Ws Rc = Rp = 662/2 = 331 bf 
o 


Each bearing on shaft b has the same radial load which is equal to the radial load of bear- 
ings, A and B. Thus, all four bearings have the same radial load of 331 Ibf. Ans. 


13-32 Given: P =4 teeth/in, ¢, = 20°, Np=207, nz = 900 rev/min. 


Np _ 20 

dy = = = [= 5.000 in 

igs = hea 
900 


Wi, = Tin/(d2/2) = 4202/(5/2) = 1681 lbf 
W!, = 1681 tan 20° = 612 Ibf 


y y 


meee Se ie, 


— ] 2 2 | Equivalent y 
ue to 3 x 4202 lbfein 


Z _ wh = 612 tot ae : 
e[" 4 2 7) 612 Ibf 


L F = 1681 Ibf Si . 
32 1681 Ibf 


The motor mount resists the equivalent forces and torque. The radial force due to torque 


\ 
] 


4202 
FT = —— = 150 lbf 
14(2) 
iC Forces reverse with rotational 


sense as torque reverses. 
4202 Ibfein 
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The compressive loads at A and D are absorbed by the base plate, not the bolts. For Ws , 
the tensions in C and D are 


"Mas =() 1681(4.875 + 15.25) — 2F(15.25) = 0 = 1109 Ibt 


If W3, reverses, 15.25 in changes to 13.25 in, 4.815 in changes to 2.875 in, and the forces 
change direction. For A and B, 


1681(2.875) =—2F,{03.23)=0 => fF, = 1824 lbf 
For W3, 


153 Ibf 


612 
i 153 Ibf 


D 


612 Ibf 


153 lbf 
F, 


153 Ibf 


M = 612(4.875 + 11.25/2) = 6426 Ibf - in 


a = (14/2)? + (11.25/2)2 = 8.98 in 


6426 


= — 179 Ibf 
> 4(8.98) 


At C and D, the shear forces are: 


Fs, = V[153 + 179(5.625/8.98)]2 + [179(7/8.98) 2 
= 300 Ibf 


At A and B, the shear forces are: 


Fsy = V[153 — 179(5.625/8.98)]2 + [179(7/8.98) 2 
— 145 lbf 


Chapter 13 349 


The shear forces are independent of the rotational sense. 


The bolt tensions and the shear forces for cw rotation are, 


Tension (Ibf) Shear (Ibf) 
A 0 145 
B 0 145 
LS 1109 300 
D 1109 300 


For ccw rotation, 


Tension (bf) Shear (Ibf) 


A 182 145 
B 182 145 
C 0 300 
D 0 300 


13-33 Tin = 63025H/n = 63 025(2.5)/240 = 656.5 Ibf- in 


W! =T/r = 656.5/2 = 328.3 lbf 

y = tan !(2/4) = 26.565° 

T = tan !(4/2) = 63.435° 

a = 2+ (1.5 cos 26.565°)/2 = 2.67 in 
a ge W’ = 328.3 tan 20° cos 26.565° = 106.9 Ibf 
Seri W¢ = 328.3 tan 20° sin 26.565° = 53.4 Ibf 
ge W = 106.9i — 53.4j + 328.3k lbf 

r Rag = —2i+5.17j, Rag = 2.5; 

S >My = Rac x W+Rag x Fp +T=0 


‘in 
| Not to scale 


Solving gives 
Rag X Fg = 2.5F $i — 2.5F3k 
Rag <x W = 1697i+ 656.6j — 445.9k 
So 
(1697i + 656.6j — 445.9k) + (2.5F%i — 2.5F3k+ Tj) =0 
FZ = —1697/2.5 = —678.8 lbf 
T = —656.6 lbf - in 
FR = —445.9/2.5 = —178.4 lbf 


350 


So 
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Fp = [(—678.8)7 + (—178.4)7]!/7 = 702 Ibf Ans. 
—(Fz + W) 
—(—178.4i — 678.8k + 106.9i — 53.4j + 328.3k) 


= 71.514 53.4j + 350.5k 


F, 


Fa (radial) = (71.57 + 350.57)!/? = 358 Ibf Ans. 
Fy (thrust) = 53.4 Ibf Ans. 


13-34 


1.25 


\ 
| Not to scale 


25 
d> = 15/10 =1.5in, W’‘ = 30 lbf, eT ee ae 


0.75 
a 1.25 30.96°, IT =59.04° 


DE= - + 0.5.cos 59.04° = 0.8197 in 
W’ = 30tan 20° cos 59.04° = 5.617 lbf 
W? = 30tan 20° sin 59.04° = 9.363 Ibf 
W = —5.617i — 9.363j + 30k 
Rog = 0.8197j + 1.25% 
Roc = —0.625j 
"Mp =Roc x W+ Roc x Fo + T=0 
Rog x W = 24.591i — 37.5j — 7.099k 
Roc x Fc = —0.625 Fi + 0.625 Fk 
T = 37.5 lbf-in Ans. 
Fc = 11.41 + 39.3k Ibf Ans. 
Fo = (11.47 + 39.37)!/? = 40.9 Ibf Ans. 


SOF=0 Fp = —5.78i + 9.363j — 69.3k Ibf 
Fp (radial) = [(—5.78)* + (—69.3)7]!/? = 69.5 lbf Ans. 
Fp (thrust) = W% = 9.363 lbf Ans. 
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13-35 Sketch gear 2 pictorially. 


‘| 
| oY 
A> : P, = P, cos w = 4cos 30° = 3.464 teeth/in 
: 
y t 1 tan 20° 
KK pat et oe 
S cos 30° 


T 


Sketch gear 3 pictorially, 


Pinion (Gear 2) 
W’ = W' tand; = 800 tan 22.80° = 336 lbf 


W* = W' tanw = 800 tan 30° = 462 lbf 
W = —336i — 462j + 800k lbf Ans. 
W = [(—336)* + (—462)? + 8007]!/7 = 983 Ibf Ans. 


Gear 3 
W = 336i + 462j — 800k Ibf Ans. 
W = 983 Ibf Ans. 
ig = Sa = 9,238 in 

3.464 


Tg = W'r = 800(9.238) = 7390 Ibf - in 


13-36 From Prob. 13-35 solution, 


800 
ie 462 


336 


Notice that the idler shaft reaction contains a couple tending to turn the shaft end-over- 
end. Also the idler teeth are bent both ways. Idlers are more severely loaded than other 
gears, belying their name. Thus be cautious. 


352 Solutions Manual e Instructor's Solution Manual to Accompany Mechanical Engineering Design 


13-37 
y Peal Gear 3: 
ST P, = Py, cos wy = 7cos 30° = 6.062 teeth/in 
" tang; = lea = 0.4203, ¢; = 22.8° 
cos 30° 
a= Se = 8.908 in 
6.062 
W‘ = 500 lbf 
W* = 500tan 30° = 288.7 lbf 
W’ = 500tan 22.8° = 210.2 lbf 
W; = 210.21 + 288.7j — 500k Ibf Ans. 
Gear 4: 
a= ae = 2.309 in 
6.062 
8.908 
W‘ = 500 7300 = 1929 lbf 
W* = 1929 tan 30° = 1114 lbf 
W’ = 1929 tan 22.8° = 811 Ibf 
W, = —811i+ 1114j — 1929k lbf Ans. 
13-38 
| P,; = 6cos 30° = 5.196 teeth/in 
yy 42 


d3 = —— = 8.083 in 
3196 


D [os 
> AS pr = 22.8° 
16 ; 
Ty b==z 4, — 2019 m 
_Ke ; 5.196 
I r _ 63025(25) 


a = 0 ij 
> 1720 916 Ibf - in 
a) 916 


~ ~~ 3.079/2 

W4 = 595 tan 30° = 344 Ibf 
W" = 595 tan 22.8° = 250 Ibf 
W = 344i + 250j + 595k Ibf 
Roc = 6i, Rpg = 3i— 4.04; 


= 595 lbt 
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"Mp = Roc x Fo +Rog x W+T=0 (1) 


Rpg x W = —2404i — 1785j + 2140k 
Roc x Fc = —6F3j + 6F 2k 
Substituting and solving Eq. (1) gives 
T = 24041 Ibf - in 
Fé = —297.5 lbf 
Fp = =-356.7 Ibf 
YOF=Fpo+Fco+W=0 


Substituting and solving gives 
Fo = —344 lbf 


F}, = 106.7 lbf 


= = —297.5 lbf 


>) 


So 
Fc = —344i — 356.7j — 297.5k lbf Ans. 


Fp = 106.7j — 297.5k lbf Ans. 


13-39 P,; =8cos 15° = 7.727 teeth/in 


354 


13-40 
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a = 16/7727 =2.07 mi 
d3 = 36/7.727 = 4.66 in 
ag 28/7727 |= 362 10 


63 025(7. 
pies) a ib in 
1720 
,. 2748 
W = = 266 lbf 
2.07/2 


W’ = 266 tan 20° = 96.8 lbf 
W% = 266 tan 15° = 71.3 lbf 
Fy, = —266i — 96.8j — 71.3k lbf Ans. 
(266 — 96.8)i — (266 — 96.8)j 
= 1691 — 169j lbf Ans. 
Fy. = 96.81 + 266j + 71.3k lbf Ans. 


ey 

WwW 

SS 
II 


36 
dy = = =2.021in, d3; = ———— =5.196in 
P,cosw  8cos30° 8 cos 30° 
d= = =3.1001 a= = = 9.3171 
4 Scosl5° «SS c0s 15° 
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For gears 2 and 3: ¢, = tan !(tan@,/cos w) = tan !(tan 20°/cos 30°) = 22.8°, 
For gears 4 and 5: ¢; = tan! (tan 20°/cos 15°) = 20.6°, 
F5, = To/r = 1200/(2.021/2) = 1188 lbf 
5.196 


FL, = 1188———. = 1987 Ibf 
a 3.106 


F5, = Fj, tang; = 1188 tan 22.8° = 499 lbf 
FS, = 1986 tan 20.6° = 746 lbf 

F4, = Fi, tan ys = 1188 tan 30° = 686 lbf 
FS, = 1986 tan 15° = 532 lbf 


Next, designate the points of action on gears 4 and 3, respectively, as points G and H, 
as shown. Position vectors are 
Rcg = 1.553j — 3k 
Row = —2.598j — 6.5k 
Rcp = —8.5k 
Force vectors are 
F54 = —1986i — 748j + 532k 
Fy3 = —1188i + 500j — 686k 
Fo = Fei+ Fj 
Fp = Foi+ FRj+ Fk 
Now, a summation of moments about bearing C gives 
> Mc = Ree x Fsa + Rew x Fos + Rep x Fp = 0 
The terms for this equation are found to be 
Rog X Fs4 = —1412i + 5961j + 3086k 
Rcw X F23 = 50261 + 7722j — 3086k 
Rep X Fp = 8.5F pi — 8.5F pj 


When these terms are placed back into the moment equation, the k terms, representing 
the shaft torque, cancel. The i and j terms give 


F) = ———— =-425lbf Ans. 


13 683 
F= \ 35 ) = 1610 lbf Ans. 


Next, we sum the forces to zero. 
SOF =F +Fs4+ Fs + Fo =0 
Substituting, gives 


(Féi+ F2j) + (—1987i — 746j + 532k) + (—1188i + 499j — 686k) 
+ (1610i — 425j + Fk) = 0 
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Solving gives 
Fe = 1987 + 1188 — 1610 = 1565 Ibf 
Fe = 746 — 499 + 425 = 672 lbf 
Fi, = —532+ 686 = 154 bf Ans. 


13-41 
y mdynw t(0.100)(600) 
| Vw = 7 oe ime ae m/s 
H 2000 
Ww = — = — =637N 
Vw A 
L=peNyw = 231) = 25 mm 
4 = tan | —— 
an me 
= tan! ae = 4.550° lead angle 
Worm shaft diagram - r(100) mei 8 
Wwr 


~ COS gn Sind + f cosa 
V 
ed Le a Coy 
cosk cos 4.550° 
In ft/min: Vy = 3.28(3.152) = 10.33 ft/s = 620 ft/min 
Use f = 0.043 from curve A of Fig. 13-42. Then from the first of Eq. (13-43) 
637 


w= : = 3323 .N 
cos 14.5°(sin 4.55°) + 0.043 cos 4.55° 


W” = W sing, = 5323 sin 14.5° = 1333 N 
W* = 5323[cos 14.5°(cos 4.55°) — 0.043 sin 4.55°] = 5119 N 
The force acting against the worm is 


W = —637i + 1333j + 5119k N 
Thus A is the thrust bearing. Ans. 


Rag = —0.05j —0.10k, Raz = —0.20k 
"Ma = Rac x W+ Rag x Fp + T= 0 

Rag x W = —122.6i + 63.7j — 31.85k 

Rag Xx Fg = 0.2Fpi — 0.2F Rj 


Substituting and solving gives 
T =31.85N-m Aas. 
F,=3185N,. #,=613N 
So Fz = 318.51+ 613jN Ans. 
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Or Fz = [(613)* + (318.5)7]!/? = 691 N radial 
SOF =Fa+W+Rz =0 
Fy, = —(W+ Fs) = —(—637i+ 1333j + 5119k + 318.51 + 6139) 
= 318.5i— 1946j —5119k Ans. 
Radial =F’, = 318.5i — 1946j N, 
F’, = [(318.5)” + (—1946)*]'* = 1972 N 
Thrust Fi =—S119N 


13-42 From Prob. 13-41 
We = 637i — 1333j — 5119K N 
Pt = Px 


_ Nepx _ 48(25) 


So dg = = 382 mm 
4 


It 
Bearing D to take thrust load 
"Mp = Roa x Woe +Rpc x Fc + T=0 
Rpg = —0.0725i + 0.191j 
Rpc = —0.1075i 
The position vectors are in meters. 
Rpg X We = —977.71 — 371.1j — 25.02k 
Roc x Fc = 0.1075 Féj — 0.1075 Fck 
Putting it together and solving 


Not to scale 


Gives 
T =977.7N-m Ans. 
Fo = —233j + 3450kN, Fo =3460N Ans. 
SOF =Fco+Wo +Fp =0 
Fp = —(Fc + Wo) = —637i + 1566j + 1669kK NN Ans. 
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Radial 'p = 1566j + 1669k N 
Or Fy, = 2289N (total radial) 
F’', = —637iN (thrust) 


13-43 
y| ; 
T z WA ae ae 
J A = a 
os Wh, We, hh ae 
vo a ee, 
i x on 
[ \ - 0.75" tS 
\ ) mle 
1.5)(900 
Vo = TED) _. ea dtinin 
12 
33 000(0.5 
W* = Ww, = SOOO) 46.69 lbf 
353.4 
IU . 
Pt=Px= To = 0.31416in 
L = 0.314 16(2) = 0.628 in 
0.628 
X = tan~! ——— = 7,59° 
m(1.5) 
W= fH — 263 lbf 
~ cos 14.5° sin 7.59° + 0.05 cos7.59° 
WY = 263 sin 14.5° = 65.8 lbf 
W. = 263[cos 14.5°(cos 7.59°) — 0.05 sin 7.59°] = 251 lbf 
So W = 46.7i+ 65.8j + 251k lbf Ans. 
T = 46.7(0.75) = 35 Ibf- in Ans. 
13-44 


100:101 Mesh 


100 
dp = — = 2.08333 in 
48 


101 . 
dg = — = 2.10417 in 
48 
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Proper center-to-center distance: 


_ dp+dg _ 2.08333 +2.10417 


C= 5 5 = 2.09375 1n 
2.0833 
fp =F OSG = 5 cos 20° = 0.9788 in 
99:100 Mesh 
99 : 
dp= 28 = 2.0625 in 
100 
ie= Ta 2.083 33 in 
99/48 + 100/48 
Proper: C= / 5 / = 2.072917 in 
2.0625 
rhp=rcos¢ = 7 008 20° = 0.969 06 in 
d’, + d, d', 100/99)d" 
Improper: C'= 5 cod al ~ 4p _ > 09375 in 
2(2. 
d>= eee = 2.0832 in 
1 + (100/99) 
0.969 06 
¢’ = cos! HE eas = 21.5° 


d,/2 0832/2 


g” = cos! ( sus ) =cos! ees 
ee dp? 


_ al (Np/P)cos@ 
= COS 
(20°/(1 + me)) 


_,| Ud +mG)Npcos¢ 
= cos Ans. 
2PC’ 
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13-45 Computer programs will vary. 


14-1 


Table 14-2: 


Eq. (14-45): 


Eq. (14-7): 


K,W'P —1.96(429.7)(6) 
c= = 
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pa = = sein 
P 6 

Y = 0.331 

adn 1 (3.667)(1200) 

i 12 

—_ 1200 + 1152 
1200 

T _ 63025H _ 63025(15) 

d/2— nd/2 ~_:1200(3.667/2) 


V= = 1152 ft/min 


= 1,96 


We= = 429.7 lbf 


= = 7633 psi = 7.63 kpsi_ Ans. 
FY 2(0.331) 


14-2 


Eq. (14-45): 


Eq. (14-7): 


K,W'P — 1.204(202.6)(12) 
o= a 


14-3 


Eq. (14-6b): 


Eq. (14-8): 


16 
d = — = 1.333in, Y = 0.296 
2 

is m(1.333)(700) 
7 12 

1200 + 244.3 

K, = ————— 
1200 

, _ 63025H  63025(1.5) 

~ nd/2 ~~: 700(1.333/2) 


= 244.3 ft/min 


= 1.204 


= 202.6 lbt 


= = 13 185 psi= 13.2 kpsi_ Ans. 
HY 0.73(0.296) 


d= mN = 1.25(18) = 22.5mm, Y = 0.309 
—_ m(22.5)(10~*)(1800) 


= 2.121 m/s 
60 
6.142.121 
K, = ———_—_ = 1.34 
6.1 a8 
60H 60(0.5)(10° 
W= = eau) = 235.8N 


~ gtdn 1 (22.5)(10-3)(1800) 
— KyW' __1.348(235.8) 


o= = ————— = 68.6 MPa Ans. 
FmyY 12(1.25)(0.309) 
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14-4 
d=5(19) =F mm, Y¥ =—0.290 
75)(10~)(200 
Ge OS” i 7esicas 
60 
Assume steel and apply Eq. (14-6b): 
1 .7854 
Bnet. pi9 
6.1 
60H 60(5)(10° 
W= = (U0) = 6366 N 
mdn —_1(75)(10~3)(200) 
K,W' — 1.129(6366 
Eq. (14-8): o = = ee 82.6 MPa _ Ans. 
FmY — 60(5)(0.290) 
14-5 
d=1(16)=16mm, Y= 0.296 
16)(10~7)(4 
a ON DY 548 wis 
60 
Assume steel and apply Eq. (14-6b): 
6.140.335 
= —_—— = 1.055 
: 6.1 
60H 60(0.15)(10%) 
W= = = 447.6N 
adn —_7¢(16)(10-3)(400) 
K,W' 1.055(447.6 
Eq. (14-8): poe = ee aor an 
omY 150(1)(0.296) 
From Table A-17, use F = 11mm_ Ans. 
14-6 


d=1.5(017) =25.5mm, Y = 0.303 
Ve 7 (25.5)(10~3)(400) 


= 0.534 m/ 
60 ° 
6.1+ 0.534 
Eq. (14-6b): Ky= a = 1.088 
60H 60(0.25)( 103) 
Wi = — = —_—~"""___ = 468 N 
mdn  1(25.5)(10~3)(400) 
K,W' 1.088(468 
Eq. (14-8): F=—_= al aa 14.9 mm 


omY  75(1.5)(0.303) 
Use F =15mm Ans. 
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14-7 
24 
d= 7 =4.8in, Y =0.337 
4. 
EE BIOO) = 65:89 finin 
12 
1200 + 62.83 
Eq. (14-40): [ciel ee, B15) 
qs?) : 1200 e 
25H 2 
, _ 63025H _ 63025(6) _ 5 ay 
nd/2 50(4.8/2) 
K,W'P — 1.052(3151)(5 
Eq. (14-7): F=— = Rene 2.46 in 
oY 20(103)(0.337) 
Use F =2.5in Ans. 
14-8 
16 
d= = =3.2in, Y = 0.296 
_ HOENOW) _ 5054 Hinata 
12 
1200 + 502.7 
Eq. (14-40): i ea ee 
Ce?) : 1200 
pit, C2) 594 Sipe 
600(3.2/2) 
K,W'P — 1.419(984.8)(5) 
Eq. (14-7): ie = = 2,38 
ee!) oY 10(103)(0.296) o 


Use F =2.5in Ans. 


14-9 Try P = 8 which gives d = 18/8 = 2.25 in and Y = 0.309. 


2.2 
vq TE) 353 ain 

12 

1200 + 353.4 
Eq. (14-4b): | a tare IER 
q.( b) v 1200 
25(2. 
p. DONE). 935 4 iE 


~ 600(2.25/2) 


_ KyW'P _ 1.295(233.4)(8) 


Eq. (14-7): F= 7 =e 
q. ( ) oY 10(103)(0.309) 7 
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Using coarse integer pitches from Table 13-2, the following table is formed. 


- d V Ky Ww F 

2 9.000 1413.717 2.178 58.356 0.082 
3 6.000 942.478 L785 87.535 0.152 
- 4.500 706.858 1,589 116.713 0.240 
6 3.000 471.239 1,393 175.069 0.473 


8 2.250 353.429 1205 233.426 0.782 
10 1.800 282.743 1.236 291.782 1.167 
12 1.500 239-019 1.196 350.139 1.627 
16 1.125 176.715 1.147 466.852 2.113 


Other considerations may dictate the selection. Good candidates are P = 8 (F = 7/8 in) 
andP=10(F =1.25in). Ans. 


14-10 Try m = 2 mm which gives d = 2(18) = 36 mm and Y = 0.309. 
y — 2636)(107*)(900) 


= 1.696 m/s 
60 
6.1 + 1.696 
Eq. (14-6b): K, = <a = 1.278 
60(1.5)(10°) 
Ww = = 884N 
mt(36)(10—3)(900) 
1.278(884 
Eq. (14-8):  —— 2 = 24.4mm 
75(2)(0.309) 
Using the preferred module sizes from Table 13-2: 
m d V K, w F 
1.00 18.0 0.848 1.139 1768.388 86.917 
1.25 22.5 1.060 1.174 1414.711 57.324 
1.50 27.0 1.272 1.209 1178.926 40.987 
2.00 36.0 1.696 1.278 884.194 24.382 
3.00 54.0 2.545 1.417 589.463 12.015 
4.00 72.0 3.393 1.556 442.097 7.422 
5.00 90.0 4.241 1.695 353.678 5.174 
6.00 108.0 5.089 1.834 294.731 3.888 
8.00 144.0 6.786 2.112 221.049 2.519 
10.00 180.0 8.482 2.391 176.839 1.824 
12.00 216.0 10.179 2.669 147.366 1.414 
16.00 288.0 13.572 3.225 110.524 0.961 
20.00 360.0 16.965 3.781 88.419 0.721 
25.00 450.0 21.206 4.476 70.736 0.547 
32.00 576.0 27.143 5.450 55.262 0.406 
40.00 720.0 33.929 6.562 44.210 0.313 
50.00 900.0 42.412 7.953 35.368 0.243 


Other design considerations may dictate the size selection. For the present design, 
m = 2mm(F = 25 mm) isa good selection. Ans. 
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14-11 
22 60 
dp = = =3.667in, dg =~ = 10in 
667)(12 
= OE) ais tina 
12 
1200 + 1152 
Eq. (14-4b): | a al 
es, : 1200 
63.025(15 
wi = 220209) _ 4997 IF 
1200(3.667/2) 
Table 14-8: = C, = 2100,/psi 
3.667 sin 20° 10 sin 20° 
Eq. (14-12): ry = ee —0.627in, m= a = 1.710 in 
Eq. (14-14 C fu ee “ 
F - 5 0) 6 
ae ) . . Foos¢@ \r, 
1.96(429.7) (1 1 ie 
= —2100 
2 cos 20° (sas - ois) 


= —65.6(10°) psi = —65.6 kpsi_ Ans. 


14-12 


Re See dee 
oT Geaics 1n, Gp > in 
1.333)(7 
hi I): _ i Haas 
12 
1200 + 244.3 
Eq. (14-45): eases fy! 
a y 1200 ? 
63.025(1.5 
iit = 0? PO). 909 6 ibe 


~ 700(1.333/2) 
Table 14-8: Cp = 2100,/psi 


1.333 sin 20° 4 sin 20° 
Eq. (14-12): or = — =0.228in, m= = = 0.684 in 
Eq. (14-14): 
1.202(202.6 1 1 ie 
oc = —2100 | + = —100(103) 
Fcos20° \0.228 ' 0.684 


2100 \?[1.202(202.6)] / 1 1 
Py pe) ie ce 
(aaa) cos 20° (om - saat = 


Use F =0.75 in Ans. 
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— iS IG. Ga He: 
= — = 4.6 1n, => — = 9.0 1n 
a = eo <6 
4. 
= PEONOD = 6968 tinin 
12 
600 + 62.83 
Eq. (14-4a): Ky = ——_—— = 1.105 
q ( a) v 600 
pe 75 on 
50(4.8/2) 
Table 14-8: Cy = 1960,/psi 
4.8 sin 20° . : 
Eq. (14-12): r= a =0.821in, ro = 2r; = 1.642in 
1.105(525.2H) (1 1 a 
Eq. (14-14): | —100(10°) = —1960 
ers mw) 2.5 cos 20° (sa = aa) | 
H=5.77hp_ Ans. 
14-14 
dp = 4(20) = 80mm, dg = 4(32) = 128 mm 
80)(10~3)(1000 
pa 2 aoe 
60 
3.05 + 4.189 
46a) Ky = — = 2393 
60(10)(103 
_ COG) _ 4387N 
7(80)(10-3)(1000) 
Table 14-8: Cy = 163V MPa 
80 sin 20° 128 sin 20° 
Bg. (14-12): 11 = —— =~ 13.68mm, r= — — 21.89 mm 
Eq. (14-14 re peel : e 617 MPa A 
. - : =— —— a ; 
aie AG 50cos 20° \ 13.68 21.89 - 
14-15 The pinion controls the design. 


Bending 


Eq. (14-45): 


Eq. (7-8): 
Eq. (7-18): 


Yp-= 0.303, Yq = 0.359 


17 : 30 . 
dp = D =1.417in, dg= D = 2.500 in 
mwdpn = m(1.417)(525) ; 
V= oo DD = 194.8 ft/min 
1200 + 194.8 
Ky, = pill = 1.162 
1200 


S’, = 0.504(76) = 38 300 psi 
ka = 2.70(76)~ 9 = 0.857 
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2a) aed ; 
= = S01 i 
Py 12 
_ 3¥p _ 3(0.303) 


Eq. (14-3): So = — 0.0379 i 
2a ~= 9p ~ 22) oe 

t = ,/4(0.1875)(0.0379) = 0.1686 in 

Eq. (7-24): d. = 0.808,/0.875(0.1686) = 0.310 in 
O310\° 8" 
: - i: kh = | —— = 0. 
Eq. (7-19) (=) 0.996 
ke =ka = ke =1, ky, = 1.65 


0.300 


r 7 rf = 0.025 ~ 0.148 
d t 0.1686 


Approximate D/d = oo with D/d = 3; from Fig. A-15-6, K; = 1.68. 


1.68 
Eq. (7-35): Ky = = 1,323 


ia 2 1.68 — 1 4 
/0.025 1.68 76 


Miscellaneous-Effects Factor: 


1 
kp =k = 1.65 ( —— ) = 1.24 
f = kpikpo = 1.65 (5) 7 


Eq. (7-17): Se = 0.857(0.996)(1)(1)(1)(1.247)(38 300) 
= 40770 psi 
40770 ; 
Pall = 55 = 18 120 psi 
wie FY poy = 0.875(0.303)(18 120) 
KPa 1.162(12) 
= 345 lbf 
345(194.8) 
= ———_ =2.04hp Ans. 
33 000 ae 
Wear 
Yy=v= 0.292, Ey = E, = 30(10°) psi 
Eq. (14-14): Cy = 2300,/psi 
dp . 1.417 , . 
Eq. (14-12): n= > sing = 5 sin 20° = 0.242 in 
2. 
n= eG sing = ake sin 20° = 0.428 
2, 2 
1 if 1 i 


= 6.469 in! 


rm 0.242 0428 
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From Eq. (7-68), 
(Sc)19s = 0.4Hg — 10 kpsi 
= [0.4(149) — 10](10°) = 49 600 psi 


—49 600 
OC al = ——— = —33 067 psi 
C,all 2.25 Pp 
—33067\7 [0. 20° 
t 33 06 0.875 cos 20 — 996 Ibf 
2300 1.162(6.469) 
22.6(194.8 
= oa tate = (0.133 hp Ans. 
33 000 
Rating power (pinion controls): 
A = 2.04 hp 
Hy = 0.133 hp 


Ay = (min 2.04, 0.133) = 0.133 hp Ans. 


14-16 Pinion controls: Yp = 0.322, Yg = 0.447 
Bending dp = 20/3 = 6.06) m, d¢@— 33.333 im 

V =adpn/12 = 1(6.667)(870)/12 = 1519 ft/min 

Ky = (1200 + 1319) /1200 = 2.266 

S,, = 0.504(113) = 56.950 kpsi = 56 950 psi 

ko, 70013) 0771 
b=2.25/ Pg = 2235/3 = 0.73 1m 

x = 3(0.322)/(203)] = 0.161 in 
t= /4(0.75)(0.161) = 0.695 in 


de = 0.808,/2.5(0.695) = 1.065 in 
kp = (1.065/0.30)~°!"" = 0.873 
ke =ka =ke =1 

rp = 0.300/3 = 0.100 in 

rrp _ 0.100 


dt 0.695 
From Table A-15-6, K; = 1.75; Eq. (7-35): Ky = 1.597 


= 0.144 


kpo = 1/1597, kp = kpikp2 = 1.65/1.597 = 1.033 
Se = 0.771(0.873)(1)(1)(1)(1.033)(56 950) = 39 600 psi 
Oa = 39 600/1.5 = 26 400 psi 
FYpom — 2.5(0.322)(26 400) 
Wi = -- = 3126 lbf 
K, Pa 2.266(3) 


H = W'V/33 000 = 3126(1519)/33000 = 144hp Ans. 
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Wear 
Table 14-8: Cy = 2300,/ psi 
Eq. (14-12): r, = (6.667/2) sin 20° = 1.140 in 
fo = {33.333/2)sm20° = 5.700 im 
Eq. (7-68): Sc = [0.4(262) — 10](10°) = 94800 psi 
Oc, all = —Sc//na = —94.800/V 1.5 = —77 404 psi 
wi — (%eat) Fcos@ 1 
Cp K,y 1/r; + 1/r2 

_ (-77404)\* (2.5 .cos 20° 1 

- 2300 2.266 1/1.140 + 1/5.700 

= 1113 lof 

W'v UVISC1S19 
= = ( ) =31.3hp Ans. 
33 000 33 000 

For 10° cycles (revolutions of the pinion), the power based on wear is 51.3 hp. 
Rating power-pinion controls 

H, = 144hp 

Ay = 51.3 hp 

Aatea = min( 144, 51.3) =51.3 hp Ans. 
14-17 Given: ¢ = 20°, n= 1145 rev/min, m=6mm, F = 75 mm, Np = 16 milled teeth, 


Ne = 30T, Sy = 900 MPa, Hp = 260, ng = 3, Yp = 0.296, and Ye = 0.359. 
Pinion bending 

dp =mNp = 6(16) = 96 mm 

dg = 6(30) = 180 mm 
mdpn _ 1(96)(1145)(10~*)(12) 


12 (12)(60) : 
6.1+5.76 
Eq. (14-6b): K, = Pe = 1.944 


S,, = 0.504(900) = 453.6 MPa 
a=4.45, b=-—0.265 


ky = 4.51(900)~°? = 0.744 
1 = 2.25m = 2.25(6) = 13.5 mm 
x = 3Ym/2 = 3(0.296)6/2 = 2.664 mm 


t = /4lx = /4(13.5)(2.664) = 12.0 mm 
de = 0.808,/75(12.0) = 24.23 mm 
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=| — = 0.884 
° ( 7.62 ) 


C=eH k= I 

rf¢ = 0.300m = 0.300(6) = 1.8mm 
From Fig, A-15-6 forr/d = rz/t = 1.8/12 = 0,15, K, = 1.68. 

1.68 
~ 1+ (2/18) /1.68 — 1)/1.68](139/900) cial 
kf; = 1.65 (Gerber failure criterion) 
kp = 1/Kp = 1/1537 = 0.651 
kp = kpikp2 = 1.65(0.651) = 1.074 
Se = 0.744(0.884)(1)(1)(1)(1.074)(453.6) = 320.4 MPa 
Se _ 320.4 


Kr 


aS eS S16 5 MPa 
Nd 1.3 
FY¥moq, — 75(0.296)(6)(246.5 
We iy 
K, 1.944 
Tn 16 890(96/2)(1145 
a OE) = 6951 Ans. 
9.55 9.55(10°) 


Wear: Pinion and gear 
Eq. (14-12): r, = (96/2) sin 20° = 16.42 mm 
r = (180/2) sin 20° = 30.78 mm 


Table 14-8: Cy, = 191VMPa 
Eq. (7-68): Sc = 6.89[0.4(260) — 10] = 647.7 MPa 

647.7 

OC, all = ~ Vi3 = —568 MPa 
2 
4 F 1 

Eq. (14-14): Wi = (“2 1) akg 

Cp Ky fri a lyr 


_ (-568\7 (75 cos 20° 1 
~ \ 191 1.944 ]\1/16.42 + 1/30.78 


— 3433N 
€ 
4 
T= ue ae _ — 164784N-mm = 164.8N-m 
T 164.8(114 
= 7% SOU) _ jogsp a weaiesir Aas 
9.55 9.55 


Thus, wear controls the gearset power rating; H = 19.8kW. Ans. 


369 


370 Solutions Manual e Instructor's Solution Manual to Accompany Mechanical Engineering Design 


14-18 Preliminaries: Np = 17, Ng=5l 


N17 
ie es 2 6a 
Pep 6 e 


51 ; 
dg = — = 8.500 in 
6 
V = adpn/12 = 2(2.833)(1120)/12 = 830.7 ft/min 


Eq. (14-4): Ky = (1200 + 830.7) /1200 = 1.692 
Sy 90000 
Oa = — = —— = 45000 psi 
Nd 2 
Table 14-2: ¥5=0303. Ye= 0410 
FYpom  2(0.303)(45 000) 
Eq. (14-7): w= _ eee = 9686 Ibe 
a!) KyPi 1.692(6) 


— WV __ 2686(830.7) 
~ 33000 33000 


Based on yielding in bending, the power is 67.6 hp. 


= 67,6 hp 


(a) Pinion fatigue 


Bending 

S! = 0.504(232/2) = 58 464 psi 

a=2.70, b= —0.265, kg =2.70(116) °*© = 0.766 

i Was 295 995 
Table 13-1: j= — 4 = = =0375in 

Pa Pa Py 6 

3Y 3(0.303 
Eq. (14-3): gia) Gas 


2P;,  ~—-2(6) 


t = V4lx = /4(0.375)(0.0758) = 0.337 in 
de = 0.808 Ft = 0.808,/2(0.337) = 0.663 in 


0.663 —0.107 
kp = | —— = 0,919 
0.30 


ke =kq =ke = 1. Assess two components contributing to kr. First, based upon 
one-way bending and the Gerber failure criterion, ky} = 1.65. Second, due to stress- 
concentration, 


0.300 0.300 
rp = Bo = e— = 0.050 in 


0.05 
Fig. A-15-6: ee SOAs 
dt 0.338 
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Estimate D/d = oo by setting D/d = 3, K; = 1.68. From Eq. (7-35) and Table 7-8, 


1.68 
Ky = = 1.494 
aoe ee (2//0.05 )[(1.68 — 1)/1.68](4/116) 
1 1 
Ky 1.494 


kp = kpikp2 = 1.65(0.669) = 1.104 
Se = 0.766(0.919)(1)(1)(1)(1.104)(58 464) = 45 436 psi 


S 45 436 
Call = — = —~— = 22718 psi 
Nd 2 
FYpo, 2(0.303)(22 718 
eat fn eee ) _ 1356 bf 
Ky Pa 1.692(6) 
W'V 1356 : 
= = oe = 34.1 hp Ans. 
33 000 33 000 
(b) Pinion fatigue 
Wear 
From Table A-5 for steel: v=0.292, E= 30(10°) psi 


Eq. (14-13) or Table 14-8: 


1 1/2 
a {5 [1 — 0.2922) aaaoif ie 


In preparation for Eq. (14-14): 


d 2.833 
Eq. (14-12): n= = sin = —>— sin 20° = 0.485 in 
d 8.500 
n= —sing = sin 20° = 1.454 in 
2 D 
ee ey ci 
= = Zu in 
Fy rQ 0.485 1.454 
Eq. (7-68): (Sc)os = 0.4Hp — 10 kpsi 


In terms of gear notation 
oc = [0.4(232) — 10]10° = 82 800 psi 


We a introduce the design factor of ng = 2 and apply it to the load W’ by dividing 
by v2. 


o- 82800 


OC-al = ——= 


_ = —58 548 psi 
v2. V2 7 
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Solve Eq. (14-14) for W’: 


—58548\7— 2cos 20° 
w! = ) ea ] = 205 08 


2285 1.692(2.750) 
265(830.7) 

Aa = —————__ = 6.67 hp. Ans. 

ll 33000 6.67 p ns 


For 10° cycles (turns of pinion), the allowable power is 6.67 hp. 


(c) Gear fatigue due to bending and wear 


Bending 
3Y, 3(0.4103 
Eq. (14-3): pe oan 
2Pa 2(6) 
t = \/4(0.375)(0.1026) = 0.392 in 
de = 0.808,/ 2(0.392) = 0.715 in 
OTs yr 
ky = | —— =0911 
( 0.30 ) 
ke =kg=ke = 1 
rrp 0.050 
d t 0.392 
Approximate D/d = oo by setting D/d = 3 for Fig. A-15-6, K; = 1.80. Use Kf = 
1.583. 
1 
Krp = ———~ = 0.632 =], .632) = 1.04 
(2 = Tagq = 0.632, ky = 1.65(0.632) = 1.043 


Se = 0.766(0.911)(1)(1)(1)(1.043)(58 464) = 42 550 psi 
Se 42550 


Age a 21 275 psi 
2(0.4103)(21 2 
W= Cee) = 1720 Ibf 
1.692(6) 
1720(830.7 
Aa = oe = 43.3hp Ans. 
33 000 


The gear is thus stronger than the pinion in bending. 


Wear Since the material of the pinion and the gear are the same, and the contact 
stresses are the same, the allowable power transmission of both is the same. Thus, 
HA, = 6.67 hp for 10° revolutions of each. As yet, we have no way to establish Sc for 
10°/3 revolutions. 
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(d) Pinion bending: H; = 34.1 hp 
Pinion wear: H2 = 6.67 hp 


Gear bending: H3 = 43.3 hp 
Gear wear: H, = 6.67 hp 


Power rating of the gear set is thus 


Aiea = min(34.1, 6.67,43.3, 6.67) = 6.67 hp Ans. 
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14-19 


dp = 16/6 =2.667 in, dg = 48/6 =8 in 
Gg ODO 0 a in 
12 
33 000(5) 
Wat? = 767 ei 
soa = 787-8 Ib 


Assuming uniform loading, Kj = 1. From Eq. (14-28), 
Q,=6, B=0.25(12 — 6)? = 0.8255 
A= 50+) 36(1 = 0.8255) =59.77 
Eq. (14-27): 


0.8255 

59.77 + /209.4 

Ky= bs = 1,196 
2.77 


From Table 14-2, 
Np = 16T, Yp = 0.296 


Ng =48T, Yo = 0.4056 
From Eq. (a), Sec. 14-10 with F = 2 in 


0.0535 
2./0.296 
(K,)p = 1,192 (2) = 1.088 
0.0535 
2/ 0.4056 
(Keo 1192 (=) = 1.097 
From Eq. (14-30) with Cre = 1 
2 
Cof = ase — 0.0375 + 0.0125(2) = 0.0625 


10(2.667) 


Com =1, Cma = 90.093 (Fig. 14-11), Co.=1 


Km = 1+ 1[0.0625(1) + 0.093(1)] = 1.156 


Assuming constant thickness of the gears > Kz = 1 


mo = Ne/Np = 48/16 = 3 


With N (pinion) = 10° cycles and N (gear) = 10°/3, Fig. 14-14 provides the relations: 


(Yn) p = 1.3558(108)~°-9!8 = 0.977 
(Yn)g = 1.3558(108/3)~°-°!8 = 0.996 
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Fig. 14-6: Jp =0.27, Jg =0.38 
From Table 14-10 for R = 0.9, Kr = 0.85 

Kr =Cy =1 
Eq. (14-23) with my =1 I= —— (5) = 0.1205 
Table 14-8: Cp = 2300,/psi 
Strength: Grade 1 steel with Hgpp = Hgg = 200 
Fig. 14-2: (S;)p = (S;)G = 77.3(200) + 12 800 = 28 260 psi 
Fig. 14-5: (S.) p = (Sc) = 322(200) + 29 100 = 93 500 psi 
Fig. 14-15: (Zn) p = 1.4488(108)~°-3 — 0.948 


(ZG = 1.4488(10°/3)~°° = 0.973 
Sec. 14-12: Hgp/Hgg = 1 ws Cy=1 


Pinion tooth bending 
Eq. (14-15): 
Pi Ky K 
(o)p = W'K,K,K;——"— 
F 
= 13167psi Ans. 


Factor of safety from Eq. (14-41) 


= 787.8(1)(1.196)(1.088) (3) S| 


0.27 


S, Yn /(KrK 28 260(0.977 1)(0.85 
(Sp)p =| n/(KrKr) _ ( )/[C1)(0.85)] ae dee 
oO 13 167 
Gear tooth bending 
6 1.156)(1 
(o)g = 787.8(1)(1.196)(1.097) ( Y) = 9433 psi Ans. 
2 0.38 
28 260(0.996) /[(1)(0.85)] 
(SFG 9433 3.5 ns 
Pinion tooth wear 
emer 1/2 
Eq. (14-16): (o¢)p = Cp (WKS ES) 
= 2300 | 787.8(1)(1.196)(1.088) aoe : e 
7 ; 2.667(2) / \ 0.1205 
= 98760 psi Ans. 
Eq. (14-42): 
ScZn /(KrK 93 500(0.948 1)(0.85 
ian -| eZv (Kr 2 -| (0.948)/L1)(0-85)]] 96 Ane 
om P 98 760 
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Gear tooth wear 


Koger 1.097\ 1/2 
(one =| 8 | (o.)p = Ge (98760) = 99170 psi Ans. 


iSie= 93 500(0.973)(1)/[(1)(0.85)] 108 Ans. 
99 170 


The hardness of the pinion and the gear should be increased. 


14-20 dp = 2.5(20) =50mm, dg = 2.5(36) = 90 mm 


mdpnp __1(50)(10~7)(100) 
V 60 60 0.2618 m/s 
60(120) 


~ 37(50)(10—3)(100) 


t 


= 458.4N 
Eq. (14-28): K,=1, QO,=6, B=0.25(12 — 6)?/3 = 0.8255 
A = 50+ 56(1 — 0.8255) = 59.77 


59.77 + ./200(0.2618) ]°*> 
— 1,099 
59.77 


Eq. (14-27): Ky= 


Table 14-2: Yp = 0.322, Yg=0.3775 
Similar to Eq. (a) of Sec. 14-10 but for SI units: 


1 
K,=—= 0.8433(mFVY).” 
b 


(K,) p = 0.8433[2.5(18) 0.322]? = 1.003 use 1 
(K,)q = 0.8433[2.5(18) 0.3775] > 1 use | 


18 
Cne=1, F = 18/25.4=0.709in, Cyr = —— —0.025 = 0.011 


10(50 
Com =1, Cra = 0.247 + 0.0167(0.709) — ee = 0.259 
C.=1 

Ky = 1+ 1[0.011(1) + 0.259(1)] = 1.27 
Eq. (14-40): Kg =1, mg =NoG/Np = 36/20 = 1.8 
Fig. 14-14: (Yn) = 1.355800") 88? = 0.977 

(Yn)g = 1.3558(108/1.8)—°-9!78 = 0.987 

Fig. 14-6: (Y;)p = 0.33, (Ys)g = 0.38 
Eq. (14-38): Yz = 0.658 — 0.0759 In(1 — 0.95) = 0.885 
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Eq. (14-23) with my = 1: 


cos 20° sin 20° 1.8 
Zi= = 0.103 
/ (= + :) 


p) 
Table 14-8: Ze = 191/MPa 
Strength Grade | steel, Hg p = Hgpg = 200 
Fig. 14-2: (orp)p = (orp)G = 0.533(200) + 88.3 = 194.9 MPa 
Fig. 14-5: (onp)p = (onp)G = 2.22(200) + 200 = 644 MPa 
Fig. 14-15: (Zn) p = 1.4488(108)—°-93 = 0.948 
(Zn)G = 1.4488(108/1.8)-°3 = 0.961 
Hpp/Hpg=1  ..Zw=1 

Pinion tooth bending 

(a)p = (WK Ki Keo =o) 


1 [22] 
= 458.4(1)(1.099)(1) = 43.08 MPa _ Ans. 


18(2.5) || 0.33 
OFP Yn 194.9 0.977 
eet = —4.99 Ans. 
(Sr)P ( o nn), aaa | - 
Gear tooth bending 
1 127(1) 

— 458.4(1)(1.099)(1 — 37.42MPa_ Ans. 
(a)¢ (1)(1.099)( asl <a —" 
(Seq = 1949 [0-987 see a 

= =>); ns. 

PG ~ 37.42 | 1(0.885) 


Pinion tooth wear 


Ky Zr 
(o-)p = | Zz,| W'K Ky Ks 
dy b ZI Pp 


1.27 1 
= 191 /458.4(1)(1.099)(1) || = 501.8 MPa Ans. 


50(18) || 0.103 

se Zu Zw 644 [0.948(1) 
Cpe zs = 1.37 Ans. 
Ca (“4 Yo¥z ), ara | Waa sa 


Gear tooth wear 


(Ko 1? 1\ 12 
(O)G = lz a (o,)p = (+) (501.8) = 501.8 MPa _ Ans. 


644 | 0.961(1) 
501.8 | 1(0.885) 


(Sz)G¢ = = 1.39 Ans. 
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14-21 
P, = P, cos w = 6cos 30° = 5.196 teeth/in 
16 . 48 
joa 230m, dee 6.070) = 99580 
5.196 16 
go tO) _5i1 6 Aan 
12 
33 000(5) 59.77 + /241.8\" 
Wa 26 tit a1 2 — 1,210 
241.8 59.77 


From Prob. 14-19: 
Yp = 0.296, Yg = 0.4056 
(Kp = 1.088, (Ke =—10971, Ke=1 
me=3, Wrjip=]O0977, (Yw)e=0996, Kp=0.85 
(Sop =—=(SjJe=28260 psi, Ca=1, (S)p = Gee = 93500 psi 
(Zn) p = 0.948, (Zy)g = 0.973, Cp = 2300./psi 


The pressure angle is: 


tan 20° 
= tan! = 22.80° 
os (= =m) 
.079 : 
(»)Pp = cos 22.8° = 1.419 in, (7)G = 3(rp)p = 4.258 in 


a =1/P, = 1/6 = 0.167 in 
Eq. (14-26): 


3.079 - T 79.938 2 “ 
Zs (Om + 0.167) — 1419) + (CF + 0.167) — sass" 


3.079. 9.238 
= (> + “S| sin 22.8° 


— 0.9479 + 2.1852 — 2.3865 = 0.7466 Conditions O.K. for use 
PN = Pn C08bn = = cos 20° = 0.4920 in 


PN 0.492 


Eg. (14-23): = = = 0.6937 
ae) ™N  0.95Z  0.95(0.7466) 

sin 22.8° cos 22.8° 3 
Eq. (14-23): 7 | ed as 
ae) 2(0.6937) |(5) 


Fig. 14-7: Jp =0.45, JG =0.54 
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Fig. 14-8: Corrections are 0.94 and 0.98 
Jp = 0.45(0.94) = 0.423, Jg = 0.54(0.98) = 0.529 


Cre = 1; = 0.0375 + 0.0125(2) = 0.0525 


2 

ee no 
PI ~ 103.079) 

Com=1, Cma = 0.093, C.=1 

Km = 1+ (1)[0.0525(1) + 0.093(1)] = 1.146 


Pinion tooth bending 


7 5.196\ [ 1.146(1) 
(op = 682.3(1)(1.21)(1.088) 5) ) 0.423 


= 6323 psi_ Ans. 


_ 28260(0.977)/[1(0.85)] _ 
(Sr)p _— 6323 =5.14 Ans. 


Gear tooth bending 


_ 5.196 \| 1.146(1) 
(o)g = 682.3(1)(1.21)(1.097) (=)| 0529 


5 = 5097 psi Ans. 


_ 28 260(0.996)/[1(0.85)] _ 
(Spr)G = Saon = 6.50 Ans. 


Pinion tooth wear 


1.146 1 ue 
(o¢)p = 2300 {682.3(1)(1.21)(1.088) E raed (; a) = 67700 psi Ans. 


_ 93500(0.948)/[(1)(0.85)] 
(Sy)p = a0 = 1.54 Ans. 


Gear tooth wear 


ee eerie [anual M* (67700) = 67980 i A 
wee 17 O88 7 Pe 


_ 93500(0.973)/1(1)(0.85)} _ 
(Sy)Gg = IT = 1.57 Ans. 


14-22 Given: R = 0.99 at 108 cycles, Hg = 232 through-hardening Grade 1, core and case, both 
pears. Ne = I17T, Ne=siT, Yep = 0.303, Ye=0A4103, Jp =0,292, Je = 0.396, 
dp = 2.833 in, dg = 8.500 in. 


Pinion bending 


From Fig. 14-2: 
0.99(S;)197 = 77.3Hg + 12800 


= 77.3(232) + 12 800 = 30734 psi 


Chapter 14 


Fig. 14-14: Yn = 1.6831(10°)-°™3 = 0.928 

V = xdpn/12 = m(2.833)(1120/12) = 830.7 ft/min 
Kr =Kr=1, Sp=2, Sp=v2 
30 734(0.928) 
Oa = — 
2(1)(1) 
O,=5, B=0.25(12 —5)7/? = 0.9148 
A = 50+56(1 — 0.9148) = 54.77 


0.9148 
54.77 + 830.7 
i= ( £ =1472 


= 14261 psi 


54.77 
0.0535 
2,/0.303 
K, = 1.192 (2) =1.089 => usel 
Km = Cinf =] sr Cinc(Cp¢ Com + CmaCe) 
Cie ='1 
Cpr = - 0.0375 + 0.0125F 
bs 
=a 0375 1001050 
10(2.833) - (2) 
= 0.0581 
Cpm =: 
Cina = 0.127 + 0.0158(2) — 0.093(10~*)(27) = 0.1586 
C.=1 
Km = 1 + 1[0.0581(1) + 0.1586(1)] = 1.2167 
Kp=1 
FJpo, 
Eq. (14-15): Wi = oa : 
oKvAS i Kin Kp 
a 2(0.292)(14 261) asi 
1(1.472)(1)(6)(1.2167)(1) 
WV —_775(830.7 
= oe) 19.5 hp 


~ 33000 33.000 
Pinion wear 
Fig. 14-15: Zy = 2.466N~°® = 2.466(108)~ °° = 0.879 
Mg = 51/17 =3 
sin 20° cos 20° ( 3 
2 3+1 


) =1,205,. Cy=1 
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Fig. 14-5: 0.99(S¢)197 = 322Hg + 29 100 
= 322(232) + 29 100 = 103 804 psi 
103 804(0.879 
Oc, all = bicelles UE = 64519 psi 
V2()() 
2 
a Fdpl 
Eq. (14-16): Ww = (% 1) z 
Cy Ko KyKsKmCe 
_ 64519\7 2(2.833)(0.1205) 
~ \ 2300 1(1.472)(1)(1.2167)(1) 
= 300 Ibf 
W'V _ 300 830.7 
( = 7,55 bp 
"94 000 33 000 
The pinion controls therefore Hrateq = 7.55 hp Ans. 
4-23 
3Y 
1 = 2.25/Pa, = — 
[Pa & >P, 
2: a (= 3.674 
t=+/4Alx = ¥ 
oe ie \(=)- Pj v¥ 


FAY 
P 


d 


3.674 
d, = 0.8084/ Fi = am, ( = ) i ¥ =ASAS7 


d 


~0.107 
; 1.5487,/ FV/Y/Pa aaa 2) —0.0535 
i= = 


0.30 


0.0535 
1 FAY 
Ks; =— = 1.192 ( =) Ans. 


d 


14-24 Yp = 0.331, Ye = 0.422, Jp = 0.345, Jg = 0.410, K, = 1.25. The service conditions 
are adequately described by Ky. Set Sr = Sy = 1. 
dp = 22/4 = 5.500 in 
dg = 60/4 = 15.000 in 
— m(5.5)(1145) 
12 


= 1649 ft/min 


Pinion bending 
0.99(S;)197 = 77.3Hg + 12 800 = 77.3(250) + 12 800 = 32 125 psi 


Yv = 1.6831[3(10?)] 9-73 = 0.832 
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32 125(0.832) 
Ea. (14-17): a) p = ————_— _ = 26728 
q. ( ) (an) P Dw psi 
B =0.25(12 — 6)?/3 = 0.8255 


A= 50+ 56(1 = 0.8255) = 59.77 
0.8255 
59.77 + / 1649 
Ky= ( = = 1.534 


39.71 
K=t Geel 


F 
Cme = => — 0.0375 + 0.0125 F 


10d 
ae 0.0375 + 0.0125(3.25) = 0.0622 
10(5.5) 
Cma = 0.127 + 0.0158(3.25) — 0.093(10~*)(3.257) = 0.178 
C.=1 


Km = Cm = 1 + ()[0.0622(1) + 0.178(1)] = 1.240 
Kg=1, Kr=1 
; 26 728(3.25)(0.345) 


fy, (0415): Wie — 3151 Ibf 
art 1 = T35(1.534(D(4d.240) 21 
3151(1649) 
33 000 P 


Gear bending By similar reasoning, W; = 3861 lbf and Hy = 192.9 hp 
Pinion wear 
me = 60/22 =2.727 
7 = 098 20° sin 20° ( 2.721 
2 1+ 2.727 
0.99( Se) 197 = 322(250) + 29 100 = 109 600 psi 
(Zy) p = 2.466[3(10?)]}- °° = 0.727 
(Zy)G = 2.466[3(10?)/2.727] °° = 0.769 


) = 0.1176 


109 600(0.727) 
a = — 719 7 
(Oe,all) P TANTeD 679 psi 
we (c=) Fdpl 
oN G5 J Kak ke Ral § 
79679\7F — 3.25(5.5)(0. 
_ (5.5).1176) _] _ snes ape 
2300 / | 1.25(1.534)(1)(1.24)(1) 
1061(1649 


33 000 
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Gear wear 
Similarly, W; = 11821bf, Hy, =59.0hp 
Rating 
Ayatea = min( A), Hz, H3, Hy) 
= min( 157.5, 192.9,53, 59) =33 hp Ans, 


Note differing capacities. Can these be equalized? 


14-25 From Prob. 14-24: 


Wi =3151 bf, W5 = 3861 lbf, 
W = 1061 lbf, Wi = 1182 bf 
_ 33000K,H — 33000(1.25)(40) 


Ww = = 1000 lbf 
V 1649 
Pinion bending: The factor of safety, based on load and stress, is 
wi 3151 
Sp)p = —b = — =3115 
(SP)? = 7900 = 1000 
Gear bending based on load and stress 
WwW; 3861 
Sr)g = — = —— = 3.86 
OH6 = 1900 = 1000 
Pinion wear 
WwW 1061 
based on load: —-—3 —=—_ = 1.06 
peecne ene "37000 1000 
based on stress: (SH) p = V 1.06 = 1.03 
Gear wear 
WwW: 1182 
based on load: —-—4 ——_ = 1,18 
sca “47000 1000 
based on stress: (SH)g = v1.18 = 1.09 


Factors of safety are used to assess the relative threat of loss of function 3.15, 3.86, 1.06, 
1.18 where the threat is from pinion wear. By comparison, the AGMA safety factors 


(Sr)p, (Sr)g, (Su)p, (Sae 


3.15, 3.86, 1.03, 1.09 or 3.15, 3.86, 1.06!/% 1.18!/2 


and the threat is again from pinion wear. Depending on the magnitude of the numbers, 
using Sr and Sy as defined by AGMA, does not necessarily lead to the same conclusion 
concerning threat. Therefore be cautious. 


Chapter 14 383 


14-26 Solution summary from Prob. 14-24: n = 1145 rev/min, K, = 1.25, Grade | materials, 
Np=227T, Ne=60T, me=2.727, Yp=0331, Ye=0422, Jp=0,345, 
Jg =0.410, Py =4T/in, F =3.25in, Q,=6, (N-)p =3(10’), R=0.99 
Pinion Hz: 250 core, 390 case 
Gear Hg: 250 core, 390 case 
Kee 1.240, Kr=1, Kge=1,. dp=]S500in, de =15.000im, 
V=l649timm, Ay, = 1554, (Kjp=Kde=l. Un) p= 0832, 

(Yy)g =0.859, Kr=1 
Bending 
(Oa) pP = 26728 psi (S;) p = 32125 psi 
(Oan)G = 27546 psi (S;)g = 32125 psi 
W; = 3151 Ibf, Ay = 157.3 hp 
W; = 3861 Ibf, He = 192.9 hp 
Wear 
@=20°, 1=]01176, (Zxy)e=—0-727, 
(Zn)c = 0.769, Cp = 2300,/psi 
(Sc)p = Se = 322(390) + 29 100 = 154 680 psi 
154 680(0.727) ; 
all) P = = 112450 
(Oe, al) P ID psi 
154 680(0.769) ; 
-alG = = 113950 
(O,all)G (Dd) psi 
112450\? 2113(1649) 
W; = | ———] (1061) = 2113 lbf, A; = ————— = 105.6h 
3 (=a) oe 3* 33 000 P 
11 ° 2354(1649 
i= eo ee (1182) = 2354 lbf, Ay= eae = 117.6 hp 
109 600(0.769) 33 000 
Rated power 
Ated = min( 157.5, 192.9, 105.6, 117.6) = 105.6hp Ans. 
Prob. 14-24 
Ageeg = min 157.5, 192.9, 53,0, 59.0) = 53 hp 
The rated power approximately doubled. 
14-27 The gear and the pinion are 9310 grade 1, carburized and case-hardened to obtain Brinell 


285 core and Brinell 580—600 case. 


Table 14-3: 
0.99(.8;) 197 = 55000 psi 
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Modification of S; by (Yv)p = 0.832 produces 


(Oa) P = 45 657 psi, 
Similarly for (Yy)Gg = 0.859 
(Oan)G = 47161 psi, and 


W; = 4569 Ibf, A, = 228 hp 
W; = 5668 Ibf, Hy = 283 hp 
From Table 14-8, CG, = 2300,/psi. Also, from Table 14-6: 
0.99(S¢)197 = 180000 psi 
Modification of S. by (Yy) produces 
(Gon) p = 130525 psi 
(d¢,an)G = 138 069 psi 


and 
Ws = 2489 lbf, Hz = 124.3 hp 


W; = 2767 \bf, Hy = 138.2 hp 
Rating 


Aratea = MiN(228, 283, 124, 138) = 124hp Ans. 


14-28 Grade2 9310 carburized and case-hardened to 285 core and 580 case in Prob. 14-27. 


Summary: 
Table 14-3: 0.99(.S;) 197 = 65 000 psi 


(an) Pp = 53.959 psi 
(Oan)G = 55736 psi 
and it follows that 
W; = 5399.5 lbf, H, = 270 hp 
W; = 6699 Ibf, Hy = 335 hp 
From Table 14-8, Cp = 2300,/psi. Also, from Table 14-6: 
Sc = 225000 psi 
(Oc,all) P = 181285 psi 
(Oc,au)G = 191762 psi 
Consequently, 
W; = 4801 lbf, H3 = 240hp 
W; = 5337 Ibf, Ay = 267 hp 
Rating 
Ayatea = min(270, 335, 240, 267) = 240 hp. Ans. 
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14-29 n=1145 rev/min, K, = 1.25, Np =22T, NG =60T, mg =2.727, dp = 2.75 in, 
dg=]TAm,. Yp=]0,3931, yeH]0422, Ja=j]0335, Je=]0405, P=sir/m, 
F=1.625in, Hg =250, case and core, both gears. Cn =1, F/dp = 0.0591, 
Cr = 0.0419, Com = 1, Cro-= 0.152, Ce= 1, Kym = 1.1942, KGe= I, 
Kg=1, Ks=1, V=824 ft/min, (Yy)p = 0.8318, (Yv)g =0.859, Kr=1, 
I =0.11758 
0,990 S;)197 = 32 125 psi 
(Can) P = 26 668 psi 
(Oan)G = 27546 psi 
and it follows that 
Wi =6/9.3 Ibi, Ay =21,97 hp 
Ww; = 1098 lbf, Hp = 27.4hp 
For wear 
W; = 304 lbf, A3=7.59 hp 
Wi = 340 lbf, Ay =8.50hp 
Rating 
Ayatea = Min(21.97, 27.4, 7.59, 8.50) = 7.59 hp 
In Prob. 14-24, Aratea = 53 hp 
Thus 
7.59 1 
— = 0.1432 = —., t- A 
53.0 6.98 a 
The transmitted load rating is 
Wi ted = min(879.3, 1098, 304, 340) = 304 lbf 
In Prob. 14-24 
Wrted = 1061 lbf 
Thus 
304 1 
— = 0.2865 = —_, t—-, Ans. 
1061 49 ge 
14-30 Sp=Spy=1, Pa =4, Jp=0.345, Jg=0.410, K,=1.25 
Bending 
Table 14-4: 0.99(S;) 197 = 13000 psi 
13 000(1) : 
: = (0, = ————_ = 13000 
(Oa) P = (OaG ima psi 
all J 13 000(3.25)(0.345 
ae Sia ea 
Ko KyKsPakmKg 1.25(1.534)(1)(4)(1.24)(1) 
1533(1649) 
H, = —————— = 76.6h 
1 33.000 y 


W; = WiJo/Jp = 1533(0.410)/0.345 = 1822 Ibf 
Hy = Hy Jg/ Jp = 76.6(0.410)/0.345 = 91.0 hp 
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Wear 
Table 14-8: Cy = 1960,/psi 
Table 14-7: 0,99(S-)107 = 75 000 psi = (0¢,a) P = (Oc,a)G 


Wi = Ee) FdpI 
Cy Ko Ky Ks KmCr 


2 

25(5.5)(0.11 

1 = (an) 3.25(5.5)(0.1176) — 1295 bf 
1960 ) 1.25(1.534)(1)(1.24)(1) 
W! = W! = 1295 Ibf 
1295(1649) 

2a ea 
re 33000. On! BP 


Rating 
Ayatea = min(76.7, 94.4, 64.7, 64.7) = 64.7 hp Ans. 
Notice that the balance between bending and wear power is improved due to CI’s more 


favorable S,/S; ratio. Also note that the life is 10’ pinion revolutions which is (1/300) of 
3(10°). Longer life goals require power derating. 


14-31 From Table A-24a, Egy = 11.8(10°) 
For @ = 14.5° and Hg = 156 


1.4(81 
se= | (8) = 51 693 psi 


2 sin 14.5°/[11.8(10°)] 
For ¢ = 20° 


. 1.4(112) ee 
= — Sl 
o 2 sin 20°/[11.8(109)] F 


Sc = 0.32(156) = 49.9 kpsi 


14-32 Programs will vary. 


14-33 
(ira 097T7, Uwe =t.9%6 


(Si) Pp = (SG = 82.3(250) + 12 150 = 32725 psi 


32 725(0.977) ; 
4 = ——__— = 37615 
(Gan) P (0.85) psi 
37 615(1.5)(0.423 
Wi — (1 9)¢ ) = 1558 lbf 
1(1.404)(1.043)(8.66)(1.208)(1) 
1558(925 
fa = 7s 


33 000 
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32:120.996) 


Ne = = 36 346 psi 
(Oa)G (0.85) psi 
38 346(1.5)(0.5346) 
wi — — 2007 Ibf 
2 1(1.404)(1.043)(8.66)(1.208)(1) 
2007(925) 
Se aon a 
2= 330900. 7 0O3 BP 
(Zn) p = 0.948, (Zn)g = 0.973 
Table 14-6: 0.99( Sc) 197 = 150000 psi 
0.948(1) 
allow) P = 150000 | ———* | = 167294 
(Oc, allow) P (0.85) psi 
167 294 * [ 1.963(1.5)(0.195 
3 = (=) EO) | ab 
2300 1(1.404)(1.043) 
2074(925) 
oe eh 
—~sa000 
0.973 
allow = —_ 1 2 4 = 1 1 i 
(Oc, allow) G 0.948 | 67 294) 71 706 psi 
171 706 \7 [ 1.963(1.5)(0.195 
eal ) ok ) — 2167 lbf 
2300 1(1.404)(1.052) 
2167(925) 
G07 hi 
4= 33000 00-7 bp 


Ayatea = min(43.7, 56.3, 58.1, 60.7) = 43.7 hp Ans. 


Pinion bending controlling 


14-34 
(Yy)p = 1.6831(10°)-°-3 = 0.928 


(Yv)g = 1.6831(10°/3.059)~°-?3 = 0.962 


Table 14-3: S; = 55000 psi 
55 000(0.928) 
ie = con 
(Sau) P (0.85) psi 


F 60 047(1.5)(0.423) 


WS i 
1(1.404)(1.043)(8.66)(1.208)(1) 


2487(925 
33 000 
0.962 
A — 47) = 62247 psi 
(Oa)G noe” )=6 psi 
62247 (0.5346 
fi = 60047 ( 0.493 ) (2487) = 3258 lbf 
3258 
h=— (6:7) =S13 hp 


~ 9487 
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Table 14-6: Se = 180000 psi 
(Zy) p = 2.466(108)~°-* = 0.8790 


(Zn) G = 2.466(108 /3.059)~ 9-9 = 0.9358 


180 000(0.8790) 
ae — 186141 
(Oc,all) P (0.85) psi 
186 141 \ [ 1.963(1.5)(0.195 
s=( ) an ) — 2568 Ibf 
2300 1(1.404)(1.043) 
2568(925) 
3 = 33000 OP 
0.9358 
-allG = ————(186 141) = 1981 
(Oc, all)G 0.3790: 86 141) = 198 169 psi 
198 169\7 (1.043 
Wi = (2568) = 2886 lbf 
186 141 1.052 
2886(925 
33 000 


Arated = min(69.7, 91.3, 72, 80.9) = 69.7 hp Ans. 


Pinion bending controlling 


14-35 (Yy)p = 0.928, (Yn)g =0.962 (See Prob. 14-34) 


Table 14-3: S; = 65 000 psi 
65 000(0.928) 
De = —__ = 10963 
(Gall) P 1(0.85) psi 


70 965(1.5)(0.423) 


Wi 1(1.404)(1.043)(8.66)(1.208) — eee 
oa 
(OaG = ae = 73565 psi 
3= ~~ (=) (2939) = 3850 lbf 
Hp a aha) = 108 hp 


~ 3939 


Table 14-6: 
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S¢ = 225 000 psi 


(Zy)p = 0.8790,  (Zn)g = 0.9358 


(Oca) P = 

Wi= 

= 

(Oc,aG = 
t 


4= 


4= 


Ayatea = in(82.4, 108, 112.5, 126) = 82.4hp Ans. 


225 000(0.879) 


= 232 676 psi 
1(0.85) 

232 = 5)(0. 
( 3 a 1.963(1.5)(0195)] _ 4513 mye 

2300 1(1.404) (1.043) 
4013(925 
ee) iin 

33 000 
0.9358 
2 9396760047 711 oe 
0.8790' ) pst 

2477117 (1.043 

4013) = 4509 Ibf 

(Fras) (a) DiS eaots 
4509(925 
sae yy 

33 000 


The bending of the pinion is the controlling factor. 
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15-1 Given: Uncrowned, through-hardened 300 Brinell core and case, Grade 1, Nc = 10° rev of 
pinion at R = 0.999, Np = 20 teeth, Nc = 60 teeth, Q, = 6, Py = 6 teeth/in, shaft angle 
90°, np = 900 rev/min, Jp = 0.249 and Jg = 0.216 (Fig. 15-7), F=1.25in, Sr = 


Sy =1,K,=1. 
Mesh dp = 20/6 = 3.333 in 
dg = 60/6 = 10.000 in 
Eq. (15-7): v, = 1(3.333)(900/12) = 785.3 ft/min 
Eq. (15-6): B = 0.25(12 — 6)*/3 = 0.8255 
A = 50+ 56(1 — 0.8255) = 59.77 
0.8255 
59.77 + /785.3 
Eq. (15-5): K, = | ———-——* = 1.374 
ire : ( 50.77 
Eq. (15-8): Ur.max = [59.77 + (6 — 3) = 3940 ft/min 
Since 785.3 < 3904, K, = 1.374 is valid. The size factor for bending is: 
Eg. (15-10): K, = 0.4867 + 0.2132/6 = 0.5222 
For one gear straddle-mounted, the load-distribution factor is: 
Eq. (15-11): Km = 1.10 + 0.0036(1.25)* = 1.106 
Eq. (15-15): (K,)p = 1.6831(10°) °° = 0.862 
(Kr )g = 1.6831(10?/3)~ 9-73 = 0.893 
Eq. (15-14): (CL) p = 3.4822(10°) 0 = 1 
(CL)g = 3.4822(10?/3)~ °°? = 1.069 
Eg. (15-19): Kr = 0.50 — 0.25 log(1 — 0.999) = 1.25 (or Table 15-3) 
Cr= J/Krp=VvV1.25 = 1.118 
Bending 
Fig. 15-13: 0.995; = Sat = 44(300) + 2100 = 15 300 psi 
sat Kt 15 300(0.862) 
Eq. (15-4): a P = Sy = = = 10551 
q. (15-4) (Can) P = Swt S-K7Kr 1(D.25) psi 
(oa) PF Ky Jp 
Eq. (15-3): fe 
sa PTR KKK 
_ _ 10551(1.25)(1)0.249)— gan ane 
6(1)(1.374)(0.5222)(1.106) 
= 690(785.3) _ 164 . 
33 000 
15 300(0.893 
‘isd: Cees =a ps 


1(1)(1.25) 


t 
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10 930(1.25)(1)(0.216) 
G ~~ 6(1)(1.374)(0.5222)(1.106) 


620(785.3) 
2 i 


33 000 


The gear controls the bending rating. 


= 620 lbf 


=14.8hp Aas. 
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15-2 


Refer to Prob. 15-1 for the gearset specifications. 


Wear 
Fig. 15-12: 


For the pinion, Cy = 1. From Prob. 15-1, Cr = 1.118. Thus, from Eq. (15-2): 


Sac = 341(300) + 23 620 = 125 920 psi 


(6, tip Sac(CL) PCH 
call JP = “Sakon 
125 920(1)(1 

(Oc,a) P = cessor A = 112630 psi 


For the gear, from Eq. (15-16), 


B, = 0.008 98(300/300) — 0.008 29 = 0.000 69 
Cy = 1+ 0.000 69(3 — 1) = 1.001 38 


And Prob. 15-1, (C_)g = 1.0685. Equation (15-2) thus gives 


For steel: 
Eq. (15-9): 
Fig. 15-6: 


Eq. (15-12): 


Eq. (15-1): 


1(1)(1.118) 


(Oc an)G = ae 
‘ SuoKrCr 
eee 125 22011 0655100138 — 120511 psi 
Cp = 2290,/psi 
C, = 0.125(1.25) + 0.4375 = 0.593 75 
I = 0.083 
Cre = 2 
wi = (ery Fdpl 
Cs KOK Bae Ce 
112630\7 1.25(3.333)(0.083) 
= 464 Ibf 
= 464(785.3) _ 44 4 hp 
33 000 
‘fli: ea 1.25(3.333)(0.083) 
G™ \ 2290 1(1.374)(1.106)(0.593 75)(2) 
= 531 lbf 
__ 531(785.3) 


4=> 


33 000 


= 12.6 hp 


| 
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The pinion controls wear: H=11.0hp Ans. 


The power rating of the mesh, considering the power ratings found in Prob. 15-1, is 


H = min(16.4, 14.8, 11.0, 12.6) = 11.0 hp Ans. 


15-3 


AGMA 2003-B97 does not fully address cast iron gears, however, approximate compar- 
isons can be useful. This problem is similar to Prob. 15-1, but not identical. We will orga- 
nize the method. A follow-up could consist of completing Probs. 15-1 and 15-2 with 
identical pinions, and cast iron gears. 


Given: Uncrowned, straight teeth, Py = 6 teeth/in, Np = 30 teeth, Ng = 60 teeth, ASTM 
30 cast iron, material Grade 1, shaft angle 90°, F = 1.25, np = 900 rev/min, ¢, = 20°, 
one gear straddle-mounted, K, = 1, Jp = 0.268, Jg = 0.228, Sr = 2,Sq = 9, 
Mesh dp = 30/6 = 5.000 in 
dg = 60/6 = 10.000 in 
vy; = 1(5)(900/12) = 1178 ft/min 


Set Nz; = 10’ cycles for the pinion. For R = 0.99, 


Table 15-7: Sat = 4500 psi 
Table 15-5: Sac = 50000 psi 
K 4500(1 
Eq. (15-4): ype = ss 


~ SpKrKr 2(1)(1) 


The velocity factor K, represents stress augmentation due to mislocation of tooth profiles 
along the pitch surface and the resulting “falling” of teeth into engagement. Equation (5-67) 
shows that the induced bending moment in a cantilever (tooth) varies directly with VE of the 
tooth material. If only the material varies (cast iron vs. steel) in the same geometry, / is the 
same. From the Lewis equation of Section 14-1, 


M K,W'P 
Oo = — 
I/c FY 
We expect the ratio 0¢]/Ostee1 to be 
or (Kia _ | Ect 
Osteel (K vw) steel E. steel 


In the case of ASTM class 30, from Table A-24(a) 


(Ecpav = (13 + 16.2) /2 = 14.7 kpsi 
Then 


14.7 


(Ky )ecr = 39 (Av)stect = 0.7( Ky) steel 
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Our modeling is rough, but it convinces us that (Ky)cr < (Ky)steel, but we are not sure of 
the value of (K,)cy. We will use K, for steel as a basis for a conservative rating. 


Eq. (15-6): B = 0.25(12 — 6)*/3 = 0.8255 
A = 50+56(1 — 0.8255) = 59.77 


0.8255 
59.77 +./1178 
Ky = ( . = 1.454 


Bg:( 15-3): 50.77 


Pinion bending (Gn) P = Spex = 2250 psi 
From Prob. 15-1, K,=1, Km» =1.106, K, = 0.5222 


_ (Gan) PF Ky Jp 


Eq. (15-3): Wp = 
ast) P= PEKLKK.Ky 
2250(1.25)(1)(0. 
= OE) _ dei 
6(1)(1.454)(0.5222)(1.106) 
149.6(1178 
i= si Cae = 5.34 hp 
33 000 
Gear bending 
J, 0.228 
Wi = Wh = 149.6 ( ——— ) = 127.3 lof 
Jp 0.268 
127.3(117 
= 273CITE) _ 4 54 4p 
33 000 
The gear controls in bending fatigue. 
H=4.54hp_ Ans. 
15-4 Continuing Prob. 15-3, 
Table 15-5: Sae = 30000 psi 
50.000 
Swt = O,all = a = 35355 psi 
2 
a Fdpl 
Eq. (15-1): Wea (% ) ei ee 
Cp J KoKyKmCsCxe 


Fig. 15-6: J=0.86 
From Probs. 15-1 and 15-2: C; =0.59375, Ks, =0.5222, Km=—= 1.106, Cy. =2 
From Table 14-8: Cy = 1960,/psi 


__ (* ss) 1.25(5.000)(0.086) 
~ \ 1960 ) | 1(1.454)(1.106)(0.59375)(2) 


Thus, = 91.6 Ibf 
_ 91.6(1178) 


a= 4 = 33.000 P 
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Rating Based on results of Probs. 15-3 and 15-4, 


A = min(5.34, 4.54, 3.27, 3.27) = 3.27 hp Ans. 


The mesh is weakest in wear fatigue. 


15-5 


Uncrowned, through-hardened to 180 Brinell (core and case), Grade 1, 10° rev of pinion at 
R = 0.999, Np = 21 = 22 teeth, Na = 22 = 24 teeth, 0, =5, me; = 4mm, shaft angle 
90°, n, = 1800 rev/min, Sr =1, Sy = J/Sp=V1, Jp =Y¥y, =0.23, JG=¥ n= 
0.205, F = b= 25 mm, Ky, = Kg = Kr = Kg = 1 and C, = 190\/MPa. 


Mesh 


Eq. (15-7): 
Eq. (15-6): 


Eq. (15-5): 
Eq. (15-10): 


Eq. (15-11) with 


From Fig. 15-8, 


Eq. (15-12): 
Eq.(15-19): 


From Fig. 15-10, 
Eq. (15-9): 

Wear of Pinion 
Fig. 15-12: 

Fig. 15-6: 

Eq. (15-2): 


dp = de, = mz, = 4(22) = 88 mm 
dg = MeZ2 = 4(24) = 96 mm 
Ver = 5.236(10~>)(88)(1800) = 8.29 m/s 
B = 0.25(12 — 5)*/? = 0.9148 
A =50+56(1 — 0.9148) = 54.77 
Eu 4 =—_ 
Ce | eee = 1.663 
54.77 
K, = Y, = 0.4867 + 0.008 339(4) = 0.520 
Kmp = 1 (both straddle-mounted), 
Km = Kup = 1+5.6(10~°)(257) = 1.0035 


(CL) p = (Zyr)p = 3.4822(10°)~ 9? = 1.00 
(CL)Gg = (Znr)g = 3.4822[10°(22/24)] 0 = 1.0054 
Cye=Ze¢=2 (imecrowned) 
Kr = Yz = 0.50 — 0.25 log (1 — 0.999) = 1.25 
Cr = Zz = V¥z = V1.25 = 1.118 
Cy =Zy=1 
Z, = 0.004 92(25) + 0.4375 = 0.560 


OH lim = 2.35Hp + 162.89 
= 2.35(180) + 162.89 = 585.9 MPa 


I = Z; = 0.066 
in (On lim) P(Znr) PZw 
as Suk Zz 
91) 
227 — 524.1 MPa 
a/1(1)(1.118) 
— (2) bde\Z] 
PAX Cp) 1000K 4 Ky K up ZxZxc 


Chapter 15 395 


The constant 1000 expresses W’ in kN 


a (mt) 25(88)(0.066) eo 
P™\ 190 1000(1)(1.663)(1.0035)(0.56)(2) | 
t 
fh = Wirn _ 0.591(88/2)(1800) _ oe 
9.55 9.55(10)3 


Wear of Gear OH lim = 585.9 MPa 
585.9(1.0054) _ 
VJ1(1)(1.118) 


526.9 
wi = wi 2 _ 9591 ( ) = 0.594 kN 
( 


(oH)G = 26.9 MPa 


OH)P 5241 
W'rn — 0.594(88/2)(1800) 
4 9.55 9.55(103) 


Thus in wear, the pinion controls the power rating; H = 4.90 kW Ans. 


We will rate the gear set after solving Prob. 15-6. 


15-6 Refer to Prob. 15-5 for terms not defined below. 
Bending of Pinion 
(K.)p = (Ynr)p = 1.6831(10?)-°-3 = 0.862 
(K,)g = (Ynr)g = 1.6831[10?(22/24)]- °°? = 0.864 


Fig. 15-13: OF lim = 0.30HpR + 14.48 

= 0.30(180) + 14.48 = 68.5 MPa 
Eg. (15-13): K,=77>1 
From Prob. 15-5: Y7z = 1.25, vez = 8.29 m/s 


Ko =1.663, Ke=1, Yy=0:56, Kage = 1.0035 
OFiimYnT 68.5(0.862) 


= = = 47.2 MP 
OEE ve TCNCL25) . 
wie (oF) pbmerYpY 1 
P ~~ 1000K 4 Kv ¥xKup 


47.2(25)(4)(1)(0.23) 


= = 1.16kN 
1000(1)(1.663)(0.56)(1.0035) 
1.1 2A 
i OPENED) «6 eine 
9.55(10%) 
Bending of Gear 
OF lim = 68.5 MPa 
68.5(0.864) 
= ——_—___ = 47,3 MP. 
(9F)6 = FH a25) i 
47.3(25)(4)(1)(0.205 
WG = 3(25)(HUN ) = 1.04 kN 
1000(1)(1.663)(0.56)(1.0035) 


__ 1.04(88/2)(1800) 


9.55(103) 
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Rating of mesh is 


FAraing = min(9.62, 8.62, 4.90, 4.93) =4.90 kW Ans. 


with pinion wear controlling. 


15-7 


(a) 


(b) 


(Sr)p = (=), =(7)6>= (=). 
(SarKL/KrKr)p (SarKi/KrKr)cG 


(W! PaKoKyKsKm/FKxJ)p — (W' PaKo Ky Ks Km/F KxJ)G 
All terms cancel except for sg, Kz, and J, 


(Sar) P(KL) p Ip = (Sar)G(KL)GIG 
From which 
— (ar)P(KL) PIP Jp 
(Sat)G = (Kielce = (Sar) P ie 
Where 6 = —0.0178 or 6 = —0.0323 as appropriate. This equation is the same as 
Eq. (14-44). Ans. 


In bending 
wi & FRJ ) _ (= Ki FRI ) (1) 
SF PaKoKyKsKm 11 SF KrKr Pag KoKyKsKm 11 
In wear 
(x Cu ) 7 (WM Kekukin€sCx) ki 
SuKrCr)y»  ° Fdpl 5h 
Squaring and solving for W’ gives 


si -( . CC. ) ( Fdpl ) (2) 
Si, KE CRC b / 99 \KoKuKmCsCre) 99 
Equating the right-hand sides of Eqs. (1) and (2) and canceling terms, and recognizing 
that Cr =./ Kr and Pidp = Np, 


we obtain 
(Secon = Si (Sar) (KL) 11 Kx Iu Kt Cs Cx 
0 (CL) nV Sr C2,NpKsI 


For equal W’ in bending and wear 


Sip _ VS)" _, 
Se: °6—CUSe 


So we get 


Ans. 


Cy (Sar) P(KL) PIP Ky Kr CsCxc 
(Sac)G = 


(Cr)EeCy Npl Ks 


Chapter 15 397 


Oc,a Oc, al 
(Su)p = (Su)o = (=) = (“= 1) 
Oc Jp O. JG 


Substituting in the right-hand equality gives 
[SacCi/(CrKr) |p _ [SacCrCu/(CrKr Jc 


| CoV WIKK Kn CsCxe/ (Fae) , | CoV WK Ki KnCsCxc/ Far) | 


(c) 


Denominators cancel leaving 


(Sac) P(CL) Pp = (Sac)G(CL)GCH 
Solving for (Sac) p gives, with Cy = 1 


a | —0.0602 
(Sac) P = ide Ge = (Sac)G (-) (1) 
(CL) P mG 


. 0.0602 
(Sac) P = (Sac)GMG Ans. 


This equation is the transpose of Eq. (14-45). 


15-8 
| Core Case 
Pinion | (Hg) (Ha)12 
Gear (Hp)21 (Hp)22 
Given (Hg)1; = 300 Brinell 
Eq. (15-23): (sat) p = 44(300) + 2100 = 15 300 psi 
Jp _ 0.249 = : 
(Sar)G(Sat) P 5 me = 15300 (ssa) (3-8) = 17023 psi 
17023 — 2100 
(Hg)21 = ———————. = 339 Brinell Ans. 
44 
2290 15 300(0.862)(0.249)(1)(0.593 25)(2) : 
(Sac)G = = 141 160 psi 
1.0685(1) 20(0.086)(0.5222) 
141 160 — 23 600 
(Hg)22 = = aaqe > 345 Brinell Ans. 


il. 1 
(Sac) P = (Saclamg” — = 141 ie) (+) = 150811 psi 
H 


150 811 — 23 600 


(Ag) 12 = 7a = 373 Brinell Ans. 
| Care Case 
Pinion | 300 373 Ans. 
Gear 399 345 
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15-9 Pinion core 


(Sar) p = 44(300) + 2100 = 15 300 psi 
15 300(0.862) : 
all) P = —————_ = 10551 
(Gan) P 1(D1.25) psi 
10551(1.25)(0.249 
W= as eae = 689.7 lbf 


6(1)(1.374)(0.5222)(1.106) 
Gear core 
(Ssar)G = 44(352) + 2100 = 17588 psi 
17 588(0.893) 
(Cag = ~1()(1.25) 
j 12.565(1.25)(0.216) 


w= 6.374)(0.5222).106) 1? 


= 12565 psi 


Pinion case 

(Sac) p = 341(372) + 23 620 = 150472 psi 
150 472(1) . 

ie = 194590 

(ea) P = TG 118) ym 
134 2 1.25(3. 
a 34 590 5(3.333)(0.086) Gee Sins 
2290 1(1.374)(1.106)(0.593 75)(2) 


Gear case 
(Sac)g = 341(344) + 23 620 = 140924 psi 
140 924(1.0685)(1) . 
r = —________—_ = 134685 
(Oc,all)G i(Dd.A18) psi 
‘ (= aa 1.25(3.333)(0.086) 


= (|) |. — | 86 
2290 1(1.374)(1.106)(0.593 | 


The rating load would be 
Wi ted = min(689.7, 712.5, 685.8, 686.8) = 685.8 lbf 


which is slightly less than intended. 
Pinion core 
(sar) p = 15300 psi (as before) 
(Oa) p = 10551 (as before) 
W' = 689.7 (as before) 
Gear core 
(sar)G = 44(339) + 2100 = 17016 psi 
(Oa)G = aaron = 12156 psi 
12 156(1.25)(0.216) 
> 6(1)(1.374)(0.5222)(1.106) 


t 


= 689.3 lbf 
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Pinion case 
(Sac) p = 341(373) + 23 620 = 150813 psi 
150 813(1) 


; = —————__ = 134 895 psi 
(Oc, all) P 1((1.118) psi 
134 2 1.25(3. 
wie ( 3 a 5(3.333)(0.086) — 689.0 Ib 
2290 1(1.374)(1.106)(0.593 75)(2) 
Gear case 


(Sac)G = 341(345) + 23 620 = 141 265 psi 
141 265(1.0685)(1) . 
vex = 135010 
(Oc, all)G i(D..118) psi 


(> oy 1.25(3.333)(0.086) 
2290 1(1.1374)(1.106)(0.593 75)(2) 


W= 


= 690.1 Ibf 


The equations developed within Prob. 15-7 are effective. In bevel gears, the gear tooth 
is weaker than the pinion so (Cy)c = 1. (See p. 784.) Thus the approximations in 
Prob. 15-7 with Cy = | are really still exact. 


15-10 


The catalog rating is 5.2 hp at 1200 rev/min for a straight bevel gearset. Also given: 
Np = 20teeth, Ng =40teeth, ¢, = 20°, F=0.7lin, Jp=0.241, Jg = 0.201, 
Pq = 10teeth/in, through-hardened to 300 Brinell-General Industrial Service, and 
QO, =5 uncrowned. 


Mesh 
dp = 20/10 = 2.000 in, dg = 40/10 = 4.000 in 
ndpnp —_(2)(1200) 
Ui 1D DD 628.3 ft/min 
K:= 1, Sr =1, SH = 1 
Eq. (15-6): B = 0.25(12 — 5)*/3 = 0.9148 
A = 50+ 56(1 — 0.9148) = 54.77 
0.9148 
54.77 + /628.3 
Eq. (15-5): K, = = 1.412 
a) : ( 54.77 
Eq. (15-10): Ks = 0.4867 + 0.2132/10 = 0.508 
Kmp = 1.25 
Eq. (15-11): Km = 1.25 + 0.0036(0.71)* = 1.252 


Eq. (15-15): (Kz) p = 1.6831(10?)~°3 = 0.862 
(Kr)G = 1.6831(10?/2)~°3 = 0.881 

Eq. (15-14): (Cz) p = 3.4822(10°)-° = 1.000 
(C)g = 3.4822(10?/2)~°°? = 1.043 
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Analyze for 10° pinion cycles at 0.999 reliability 
Eq. (15-19): Kr = 0.50 — 0.25 log(1 — 0.999) = 1.25 
CpavKepaevl2=1L116 


Bending 
Pinion: 
Eq. (15-23): (Sar) p = 44(300) + 2100 = 15 300 psi 
15 300(0.862) ; 
Eq. (15-4): - = ————— = 10551 
q. (15-4) (Gan) P i((1.25) psi 
al) pL KyJ 
Ba Ci5 3): + _ (a) PP Kx Jp 
PakoKyKsKm 
1 i : 
_ 0551(0.71)(1)(0.241) — 901 Ibe 
10(1)(1.412)(0.508)(1.252) 
201(628.3 
33 000 
Gear: 
(Ssat)G = 15300 psi 
15 300(0.881) . 
Eq. (15-4): A = ——__—_— = _ 10783 
q. (15-4) (Oa)G 1(D(1.25) psi 
10 783(0.71)(1)(0.201) 
Eg. (15-3): W= = 171.4 lbf 
aA ) 10(1)(1.412)(0.508)(1.252) 
171.4(628.3) 
= ——_——__— = 33h 
: 33 000 ona 
Wear 
Pinion: 


(Cuy)g =1, 1 =0.078, Cp =2290,/psi, Cre = 2 
C, = 0.125(0.71) + 0.4375 = 0.526 25 
Eq. (15-22): (Sac) p = 341(300) + 23 620 = 125920 psi 
(or y)p = 125920) 
1(1)(1.118) 


wie (Gea) P| Fdpl 
7 Cp Ko KyKmCsCxe 


= 112630 psi 


Eq. (15-1): 


- (Be) | 0.71(2.000)(0.078) 


2290 1(1.412)(1.252)(0.526 25)(2) 
= 144.0 lbf 
144(628.3 
sl Sop 


33 000 
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Gear: 
(Sac)G@ = 123 920 psi 
125 920(1.043)(1) 
= = (17473 
(Gc,att) 1)(1.118) Pst 
117.4737 0.71(2.000)(0.078 
cj ( ui ) — 156.6 lbf 
2290 1(1.412)(1.252)(0.526 25)(2) 
156.6(628.3) 
ee 8 Oh 
: 33 000 aerne 
Rating: 


A =min(38, 3.3,2:7, 3:0) = 2.7 hip 


Pinion wear controls the power rating. While the basis of the catalog rating is unknown, 
it is overly optimistic (by a factor of 1.9). 


15-11 From Ex. 15-1, the core hardness of both the pinion and gear is 180 Brinell. So (Hg) 11 
and (Hg)2; are 180 Brinell and the bending stress numbers are: 


(sar) p = 44(180) + 2100 = 10020 psi 
(Sat)G = 10020 psi 


The contact strength of the gear case, based upon the equation derived in Prob. 15-7, is 


(Sac)G = 


Cp Si (SedenneketeKrC.Cer) 
(CL)GCu V Sr NpIK, 


Substituting (sg;) p from above and the values of the remaining terms from Ex. 15-1, 


2290 / 1.52 (ee YOSTSN2) = 114331 psi 


1.32(1)\ 1.5 25(0.065)(0.529) 
114331 — 23 620 
(HB)22 = 341 = 266 Brinell 


The pinion contact strength is found using the relation from Prob. 15-7: 
(Gp = (Gaem. Cy = 114 3310)" ) = 114 931 psi 


114331 — 23 600 
(Hz)\2 = ————_—_ = 266 Brinell 
341 
| Core Case 
Pinion 180 266 


Gear 180 266 


Realization of hardnesses 


The response of students to this part of the question would be a function of the extent 
to which heat-treatment procedures were covered in their materials and manufacturing 
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prerequisites, and how quantitative it was. The most important thing is to have the stu- 
dent think about it. 

The instructor can comment in class when students curiosity is heightened. Options 
that will surface may include: 


¢ Select a through-hardening steel which will meet or exceed core hardness in the hot- 
rolled condition, then heat-treating to gain the additional 86 points of Brinell hardness 
by bath-quenching, then tempering, then generating the teeth in the blank. 

¢ Flame or induction hardening are possibilities. 

¢ The hardness goal for the case is sufficiently modest that carburizing and case harden- 
ing may be too costly. In this case the material selection will be different. 


The initial step in a nitriding process brings the core hardness to 33-38 Rockwell 
C-scale (about 300-350 Brinell) which is too much. 


Emphasize that development procedures are necessary in order to tune the “Black Art” 
to the occasion. Manufacturing personnel know what to do and the direction of adjust- 
ments, but how much is obtained by asking the gear (or gear blank). Refer your students 
to D. W. Dudley, Gear Handbook, library reference section, for descriptions of heat-treat- 
ing processes. 


Computer programs will vary. 


15-13 


A design program would ask the user to make the a priori decisions, as indicated in 
Sec. 15-5, p. 794, MED7. The decision set can be organized as follows: 
A priori decisions 

¢ Function: H, Ko, rpm, mc, temp., N,,R 

¢ Design factor: ng (Sr = ng, Sy = na) 

¢ Tooth system: Involute, Straight Teeth, Crowning, ¢, 

¢ Straddling: Kinp 

¢ Tooth count: Np(NG = mGNp) 

Design decisions 

e Pitch and Face: Py, F 

* Quality number: Q, 

e Pinion hardness: (Hg), (Hp)3 

¢ Gear hardness: (Hg), (Hp)a 


€0v 


First gather all of the equations one needs, then arrange them before coding. Find the required hardnesses, express the consequences of the 
chosen hardnesses, and allow for revisions as appropriate. 


Pinion Bending 


_ W'PK,K,.KnK, 


Load-induced o= =f 
stress (Allowable FKyJp 
stress) 
SrpKrK 
Tabulated je= SpA KR 
strength (K1)p 
(sar) p — 2100 
i 44 
Associated bhn = 
hardness (Sar)p — 5980 
48 
Chosen (Hadi 
hardness 


44( Hg); + 2100 
48( Hg)1; + 5980 


New tabulated 


(San) Pp = 


strength 

a a K 
Factor of a= Can _ (Sart) P(Kx)p 
safety o 5, KrKr 


o= 


_ WIPKK Kn Ky 


Gear Bending 


bhn = 


(Sarg = 


nN) 


FRIG 


(Sat)G — 2100 


44 
(Sat)G — 5980 


48 


(Hg )21 


44( H)2, + 2100 
48( Hg )21 + 5980 


_ (Sar GUK LG 
82 Kr Kp 


Pinion Wear 


(Wi RKCeae 
Oo = C, -_ yg! = S12 


Fdpl 


Si2SHKrCr 


Waele = Cy Ga) 


(Sac) P = 23 620 


_ 341 
PAD (hie 00560 


363.6 
(Hg)12 


341( Ag) 12 + 23 620 


(Saci)p = 363.6( Hp) 1> + 29 560 


[CuelCeiCwe 
ny2>= 
5i2>KrCr 


(Sact)G = | 


Gear Wear 


S22 = S12 


S22S~ KrCr 
(CL)G(Ca)e 


(SacG = 


(Sac)g — 23 620 


_ 341 
Dhan = te. 29560 


363.6 


(Hp )22 


341( Ag). + 23 620 
363.6( Hg )20 + 29560 


= | Careldetene) 
22. 


Sx K7Cr 


Note: Sr = nq, Sy = V Spr 
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15-14 Nw =1, NG = 56, P; = 8 teeth/in, dp = 1.5in, H, = lhp, dp = 20°, tg = 70°F, 
Ky, = 1,25, 


(a) 


(b) Eq. (15-38): 
Eq. (13-46): 


Eq. (15-39): 
Eq. (15-40): 
Eq. (15-41): 
Eq. (15-42): 
Eq. (15-43): 
Eq. (15-44): 
Eq. (15-45): 
Eq. (15-46): 


Eq. (15-47): 


Eq. (13-28): 


Eq. (15-62): 


cos¢, — ftana cos 20° — 0.0250 tan 4.764° 
e= — 
cos¢, + fcotA cos20° + 0.0250 cot 4.764° 


Eq. (15-58): 


Eq. (15-57): Wy = We ( 


ng =, 
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F,=2in, A=850 in’ 
mc = NG/Nw =56, dg = No/P; = 56/8 = 7.0 in 
Px = 1/8 = 0.3927in, C=1.5+7=8.5in 
a= py/m = 0.3927 /m7 = 0.125 in 
h = 0.3683 p, = 0.1446 in 
h, = 0.6866p, = 0.2696 in 
dy = 1.5 + 2(0.125) = 1.75 in 
dy = 3 — 2(0.1446) = 2.711 in 
D, = 7 + 2(0.125) = 7.25 in 
D, = 7 — 2(0.1446) = 6.711 in 
c = 0.1446 — 0.125 = 0.0196 in 


95\2 2 
(Fw) max = 2 (235) = (; - 0.125) = 2.646 in 


Vw = 7(1.5)01725/12) = 677.4 ft/min 


7)(1725 /56 
ORY) e645 aii 
12 
0.3927 
L = p,Nw = 0.3927 in, A=tan! = 4.764° 
(1.5) 
P= —_ = = 8.028 
"cosa  cos4.764°. 
py = 03013 in 
n 
1.5)(1725 
= FUNNY) _ 690.8 fimin 


* 12. cos 4.764° 
f = 0.103 exp[—0.110(679.8)°*?] + 0.012 = 0.0250 


= 0.7563 Ans. 


We= 


33 000 ngHo Ka 33 000(1)(1)(1.25) 
Voge ~~ 56.45(0.7563) 
cos dy, sind + f cosr 
cos gd, cosrA — f ~~) 
— 966 (= 20° sin 4.764° + 0.025 cos 4.764° 
cos 20° cos 4.764° — 0.025 sin 4.764° 


= 966 lbf Ans. 


) = 106.4 lbf Ans. 


(c) 


(d) 
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Eq. (15-33): C, = 1190 — 477 log 7.0 = 787 
Eq. (15-36): Cm = 0.0107,/—562 + 56(56) + 5145 = 0.767 
Eq. (15-37): Cy = 0.659 exp[—0.001 1(679.8)] = 0.312 


Eq. (15-38): (W")an = 787(7)°3(2)(0.767)(0.312) = 1787 Ibf 


Since WG < (W")an, the mesh will survive at least 25 000 h. 


0.025(966) 
Eg. (15-61): We = —— = — 29:5 lb f 
ae ) f 0.025 sin 4.764° — cos 20° cos 4.764° 
29.5(679.8 
106.4(677.4) 
= ————__ = 2.18h 
w 33 000 ' 
966(56.45) 
= ———_ = 1.65h 
© = 33000 r 


The mesh is sufficient Ans. 


=F con. = 8/cos 4.764° = 8.028 
Px = 7 /8.028 = 0.3913 in 


7 966 
~~ 0.3913(0.5)(0.125) 


OG = 39500 psi 


The stress is high. At the rated horsepower, 


1 
se= [65° 500 = 23940 psi acceptable 


Eq. (15-52): Amin = 43.2(8.5)!7 = 1642 in? < 1700 in? 

Eq. (15-49): Afioss = 33 000(1 — 0.7563)(2.18) = 17530 ft - lbf/min 

Assuming a fan exists on the worm shaft, 

Eq. (15-50): fAtcr= sons + 0.13 = 0.568 ft - Ibf/(min - in? - °F) 
17530 


Basissi}: feed: 58 Any 
aehone) ; * 0568(1700) es 


900 


15-15 to 15-22 


Problem statement values of 25 hp, 1125 rev/min, mg = 10, Kg = 1.25, ng = 1.1, by = 20°, tg = 70°F are not referenced in the table. 


Parameters 
Selected 15-15 15-16 15-17 15-18 15-19 15-20 15-21 15-22 
#1 Px 1.75 1.75 1.75 1.75 1.75 1-75 1.75 1.75 
#2 dw 3.60 3.60 3.60 3.60 3.60 4.10 3.60 3.60 
#3 Fg 2.40 1.68 1.43 1.69 2.40 2.25 2.4 2.4 
#4 A 2000 2000 2000 2000 2000 2000 2500 2600 
FAN FAN 
Hw 38.2 38.2 38.2 38.2 38.2 38.0 41.2 41.2 
Hg 36.2 36.2 36.2 36.2 36.2 36.1 37.7 37.7 
Hy 1.87 1.47 1.97 1.97 1.97 1.85 3.59 3.59 
Nw 3 3 3 3 3 s) 3 3 
NG 30 30 30 30 30 30 30 30 
Kw 125 80 50 115 185 
GC. 607 854 1000 
Cy 0.759 0.759 0.759 
Cy 0.236 0.236 0.236 
VG 492 492 492 492 492 563 492 492 
WG 2430 2430 2430 2430 2430 2120 2524 2524 
Wi 1189 1189 1189 1189 1189 1038 1284 1284 
fF 0.0193 0.0193 0.0193 0.0193 0.0193 0.0183 0.034A 0.034A 
e 0.948 0.948 0.948 0.948 0.948 0.951 0.913A 0.913A 
(PG 1.795 1.795 1.795 1.795 1.795 1.571 1.795 1.795 
P,, 1.979 1.979 1.979 1.979 1.979 1.732 1.979 1.979 
C-to-C 10.156 10.156 10.156 10.156 10.156 11.6 10.156 10.156 
fe 177 177 177 177 177 171 179.6 179.6 
L 5.25 5.25 5;25 5.25 5.25 6.0 5.25 5.25 
Xr 24.9 24.9 24.9 24.9 24.9 24.98 24.9 24.9 
OG 5103 7290 8565 7247 5103 4158 5301 5301 
dg 16.71 16.71 16.71 16.71 16.71 19.099 16.7 16.71 
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16-1 
(a) 2) =0°, @=120°, @& =90°, smé,=—1, a=S in 


0.28 9.(1.5)(6) fe” 
Eq. (16-2): My = Po | sin 6(6 — 5cos@) dO 
Q° 
= 17.96 pz, lbf- in 
WIS Ko) fe" 
Eq. (16-3): My = me | sin’ 6 dO = 56.87 pag Ibf - in 
0° 


c = 2(5cos 30°) = 8.66 in 
_ 56.87 pa — 17.96 pa 
7 8.66 

Pa = F'/4.49 = 500/4.49 = 111.4 psi for cw rotation 


56.87 pq + 17.96pa 
8.66 
Pa = 57.9 psi for ccw rotation 


Eq. (16-4): F 


Eq. (16-7): 500 = 


A maximum pressure of 111.4 psioccurs on the RH shoe for cw rotation. Ans. 


(b) RA shoe: 
Eq. (16-6): Tr = —s pS) 50h an. Ane 
LH shoe: 
Eq. (16-6): Ty, = aa OE) tid ihiaa. Ans 
Torat = 2530 + 1310 = 3840 Ibf-in Ans. 
(c) Serenata weais 


Secondary 
Primary shoe 


shoe 
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RH shoe: F, = 500 sin 30° = 250 Ibf, Fy = 500 cos 30° = 433 Ibf 


1 120° o | 2m /3 rad 
Eqs. (16-8): A= ( sin’ 0) =0.375, B= (5 — —sin 20) = 1.264 
2 0° 2 4 0 
111.4(1.5)(6) 
Eqs. (16-9): Ry = a [0.375 — 0.28(1.264)] — 250 = —229 lbf 
111.4(1.5)(6 
Ry = EMT OO 564 + 0.28(0.375)] — 433 = 940 lbf 


1 
R = [(—229)? + (940)*]!/" = 967 Ibf Ans. 
LH shoe: F, =2501bf, F, = 433 lbf 
__ $7.9(1.5)(6) 
7 1 
57.9(1.5)(6 
Ry = 229) 
) 1 
R = [(130)? + (171)7]'” = 215 Ibf Ans. 


Eqs. (16-10): Ry [0.375 + 0.28(1.264)] — 250 = 130 lbf 


[1.264 — 0.28(0.375)] — 433 = 171 lbf 


16-2 Oy = 13",. Ge=103",. 0,=90°,. st, =1, 2=s10 


Eq. (16-2): My 


0.28 p,(1.5)(6) 1° 
= Pal (6) / sin (6 — 5cos6)d6 = 13.06p, 
15° 


sin? 6. d0 = 46.59 pq 


105° 
Eq. (16-3): My = Po OO) f 
15° 


c = 2(5 cos 30°) = 8.66 in 


_ 46.59 pa — 13.06 pa 


Ea. (16-4): F= = 3.872 Da 
q. (16-4) 8 66 Pe 


RH shoe: 
Pa = 500/3.872 = 129.1 psi on RH shoe for cw rotation Ans. 
__ 0.28(129.1)(1.5)(67)(cos 15° — cos 105°) 


Eq. (16-6): Tr i = 2391 lbf-in 
LH shoe: 
46.59 pg + 13.06 ; 
500'= ss — r Es => pq = 72.59 psi on LH shoe for ccw rotation Ans. 
.28(72. 15)¢6" 15° — 105° 
T, = 0.28(72.59)(1.5)(6~)(cos 15° — cos 105°) = aan pea 


1 
Tiota = 2391 + 1344 = 3735 Ibf-in Ans. 


Comparing this result with that of Prob. 16-1, a 2.7% reduction in torque is achieved by 
using 25% less braking material. 
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16-3. Given: @.=0°, G=120", @,=]90°, smdz=1, @a=]K=]90mm, — =0.30, 
F =1000N=1KkN, r = 280/2 = 140 mm, counter-clockwise rotation. 


LH shoe: 
b 
030)(0.14 0.090 
7 ee (0140 — cos 120°) — = sin? 120°| 
= 0.000 222p, N-m 
Pabra[@ 1. 
My = — = sin 20 
m sin 0, E 4°" | 


Pa(0.030)(0.140)(0.090) > ( It ) 


1 
— — sin 2(120°) 
I 2 \180 


4 


= 4.777(10°-*) pg N-m 


180° — 6 
c = 2rcos (==) = 2(0.090) cos 30° = 0.15588 m 
4.777(10~*) — 2.22(1074) = 
F =1 = pg | ————————_ | = 1.6410 
m 0.15588 Pa 


Pa = 1/1.64(10~3) = 610 kPa 

__ fPabr*(cos 6; — cos 67) 

- sin 6, 

_ 0.30(610)(10%)(0.030)(0.1407) 
> 1 
=161.4N-m Ans. 


TL 


[1 — (—0.5)] 


RH shoe: 
My = 2.22(10~*) pg N-m 


My = 4.77(10-*) pa N-m 
c = 0.15588 m 


4.77(10-*) + 2.22(10-*) 
0.155 88 


F=1=p, = 4.49(10-3) pg 


1 
~ 4.49(10-3) 
Tr = (222.8/610)(161.4) = 59.0N-m_ Ans. 


Pa = 222.8kPa_ Ans. 
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16-4 
(a) Given: 6, = 10°, 6:=75°, 0,=75°, pqa=10°Pa, f =0.24, 
b = 0.075 m (shoe width), a= 0.150 m, r= 0.200 m, d= 0.050 m, c = 0.165 m. 
Some of the terms needed are evaluated as: 


O 2 6 1 
A= > | sin 6 d@ -af sin os d8| = r[—cosé],. =e E sin? | 


at A 


9 


A 
950 1 75° 
= 200[—cos4],,. — 150 E sin? | = 77.5 mm 
10° 


& 6 1 
229: : 
B =) sin’ 6 dé = E =—sin 20 = (528 
a 


752/180 rad 
4 


107/180 rad 
cD) 
C= / sin@ cos6 dé = 0.4514 
A; 


Now converting to pascals and meters, we have from Eq. (16-2), 


_ fPabr , _ 0.24[(10)°](0.075)(0.200) 


; : (0.0775) = 289N-m 
sin 0, sin 75° 


Mr 


From Eq. (16-3), 


= Pabra =) [(10)°](0.075)(0.200) (0.150) 
~~ sintg sin 75° 


(0.528) = 1230N-m 


Finally, using Eq. (16-4), we have 
_ Mn —My _ 1230—289 


F =5.70kN Ans. 
C 165 = 
(b) Use Eq. (16-6) for the primary shoe. 
a fPabr?(cos 6, — cos 67) 
7 sin Oy 
.24[(10)°](0. .200)? 10° — pola 
= 0.24[(10)°](0.075)(0.200)*(cos 10° — cos 75°) 541 N-m 


sin 75° 
For the secondary shoe, we must first find pg. 


Substituting 
289 . 
N= 0° 4 and My = 10674 into Eq. (16-7), 


—_ (1230/10°) pa + (289/10°) pa 


310 
165 


, solving gives Pg = 619(10)* Pa 


Then 
7 — 0:2410.619(10)°}(0.075)(0.200)°(cos 10° — cos 75°) 
sin 75° 
so the braking capacity is Ttota) = 2(541) + 2(335) = 1750 N-m_ Ans. 


= 353 N +i 
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(c) Primary shoes: 


b 
Ry, = ae "(C—fB)-F, 
sin 0g 
10°)(0.075)(0.200 
= — s as 10.4514 — 0.24(0.528)](10)~? — 5.70 = —0.658 kN 
sin 75° 
b 
R= "= Gtso=z, 
‘ sin 0g 
10°)(0.075)(0.200 
= nes a a 10.528 + 0.24(0.4514)](10)~3 — 0 = 9.88 kN 


Secondary shoes: 


qb 
Rae Cs fir 
sin 0, 
0.619(10)°](0.075)(0.200 
al ( — i 0.4514 + 0.24(0.528)](10)~? — 5.70 


= —0.143 kN 


pabr 
sin 0, 


_ [0.619(10)°](0.075)(0.200) 
7 sin 75° 


[0.528 — 0.24(0.4514)](10)~* — 0 


= 4.03 kN 


Note from figure that +-y for secondary shoe is opposite to y 
+y for primary shoe. 


Combining horizontal and vertical components, 


Ry = —0.658 — 0.143 = —0.801 kN 
Ry = 9.88 — 4.03 = 5.85 kN 
R = V(0.801)2 + (5.85)? 
=5.90kN_ Ans. 


16-5 Preliminaries: 0; = 45° — tan !(150/200) = 8.13°, 0 = 98.13° 
0, = 90°, a = [(150)* + (200)7]!/2 = 250 mm 


Eq. (16-8): A= 


2 
" 98.13° 
Let Cc -| sin dd = —(cos@), 4, = 1.1314 
: 
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Eq. (16-2): 
av 0.25 pa(0.030)(0.150 
pe PO OC a gay OY pasaaats = 025045)) 
sin 0, sin 90° 
= 5.59(10°-°) pa N-m 
Pf) 1 98.137 /180 rad 
Eq. (16-8): B= (5 — —sin 20) = 0.925 
2 4 8.137/180 rad 
b 0.030)(0.150)(0.250 
Eq. (16-3): Nia. Ce ee 
sin 0, 1 
= 1.0406(107*) pg N-m 
Using F = (My — Mf)/c, we obtain 
104.06 — 5.59 
400 = ~p5d0). 7 Or Pa = 203 kPa Ans. 
a 25(2) 107)(0. 150)? 
TK fPabr Cc _ 0.25(203)(10°)(0.030)(0.150) (1.1314) 
sin 0, 1 
= 38.76N-m Ans. 
16-6 For +36¢: 
f = f +367 = 0.25 + 3(0.025) = 0.325 
0.325 
My = 5.59(10~> ——— } = 7.26710 
f (10°~) pa ( 0.95 ) (10°~) Pa 
Eq. (16-4): 
104.06 — 7.267 
400 = y 
105(0.500) 
Pa = 207 kPa 
207 \. (0.325 
T = 38.75| —— }| —— ]=514N-m Ans. 
203 0.25 
Similarly, for —36,: 
f=f- 307 = 0.25 = 3(0.025) = 0.175 
My = 3.913(10~°) pa 
Pa = 200 kPa 
T =26.7N-m_ Ans. 
16-7 Preliminaries: 0, = 180° — 30° — tan-!(3/12) = 136°, 6, = 20° — tan !(3/12) = 6°, 


6, = 90°, a=[(3)? +(12)7]'7 = 12.37in, r=10in, f=0.30, b=2in. 


0.30(150)(2)(10) 3° 
Eq. (16-2): My = es ) sin 0(10 — 12.37 cos 6) dé 
6° 


= 12800 lbf- in 


Chapter 16 413 


_ 150(2)(10)(12.37) 
a sin 90° 6° 


Eq. (16-3): Mn sin’ 6 dd = 53300 lbf- in 


LH shoe: 
cp = 124+124+4= 28in 
Now note that My is cw and My is ccw. Thus, 


_ 53300 — 12800 


= 1446 lbf 
28 


FL 


F,, = 1446 Ibf 


: 0.30(150)(2)(10)?(cos 6° — cos 136°) 


Eq. (16-6): T = 15420 lbf- i 
qe Oh 2h sin 90° . 
RH shoe: 
Pa Pa 
My = = 355.3pqa, My = 12800 = 85.3 
es s00( 2) p t (25) 
On this shoe, both My and My are cew. 
Also Cr = (24 — 2tan 14°) cos 14° = 22.8 in 
Fact = Fy, sin 14° = 361 lbf Ans. 
Fr = F,/cos 14° = 1491 Ibf 
355.3 + 85.3 
Thus (ope ee, 5. pred 
22.8 
0.30(77.2)(2)(10)*(cos 6° — cos 136° 
Then Fe OE set OD) = soup bein 
sin 90° 
Trotal = 15420 + 7940 = 23400 lbf-in Ans. 
16-8 7) 
My =2] (fdN)(a'cos@—r) wheredN = pbr do 
0 
05 
=2fpbr | (a’cos6 —r)d6=0 
0 
From which 
65 65 
a cosodo =r | dé 
0 0 
p22 Oe 9087 
sin 63 sin 60° 
Eq. (16-15) 
4r sin 60° 
= 1.170r 


“ * 3(60)(t/180) + sin[2(60)] 
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16-9 
(a) Counter-clockwise rotation, 07 = a/4rad, r= 13.5/2 = 6.75 in 


Ar sin 62 4(6.75) sin(z /4) ; 
a= - = - = 7.426 in 
26. +sin26, 27/4+ sin(27/4) 


e = 2(7.426) = 14.85 in Ans. 


P Actuation 
lever 


a = tan” !(3/14.85) = 11.4° 


vg Le ee "Mr = 0 = 3F* —6.375P 
Geer F* =2.125P 


So Fy =0=-F* +R 
R* = F* =2.125P 
F) = F* tan 11.4° = 0.428P 


RY = P+ 0.428P = 1.428P 


Left shoe lever. 
> Mr = 0=7.78S" — 15.28 F* 


15,2 
SS 15.28 (9 125P) = 4.174P 
7.78 


S* = fS* = 0.30(4.174P) 


= 1.252P 
So Fy =0= R487 +F? 
Ri =F) = § 
= —0.428P — 1.252P 
= —1.68P 
>) Fy =0= RY - S* + F* 
R* = S* — F* 


= 4.174P — 2.125P 
= 2.049P 
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1.428P 
2.125P 


4.174P 
— 


Ans. 


1.252P 


2.049P 


2.68P 
Left shoe lever Right shoe lever 


(c) The direction of brake pulley rotation affects the sense of S”, which has no effect on 
the brake shoe lever moment and hence, no effect on S“ or the brake torque. 

The brake shoe levers carry identical bending moments but the left lever carries a 
tension while the right carries compression (column loading). The right lever is de- 
signed and used as a left lever, producing interchangeable levers (identical levers). But 
do not infer from these identical loadings. 


16-10 7, =13.5/2=6.75in, b=7.5in, 6, = 45° 


From Table 16-3 for a rigid, molded nonasbestos use a conservative estimate of 
Pa = 100 psi, f = 0.31. 


In Eq. (16-16): 
202 + sin 26. = 2(7/4) + sin 2(45°) = 2.571 


From Prob. 16-9 solution, 


b 
N = S* =4.174P = ns (2.571) = 1.285p,br 
1.285 
P = —“"(100)(7.5)(6.75) = 1560 Ibf Ans. 
4.174 


Applying Eq. (16-18) for two shoes, 
T = 2af N = 2(7.426)(0.31)(4.174)(1560) 
= 29980 Ibf-in Ans. 


16-11 From Eq. (16-22), 

PabD _ 90(4)(14) 
2 p) 

0.25(27)(270°/180°) = 1.178 


= = 2520 lbf Ans. 


f¢ 
Eq. (16-19): P,; = P; exp(—f@) = 2520 exp(—1.178) = 776 lbf Ans. 


_ (Pi— P2)D _ (2520 —776)14 
7 2 7 2 


T = 12200 lbf-in Ans. 
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16-12 Given: D=300mm, f=0.28, b=80mm, ¢@=270°, P;, = 7600N. 


fo = 0.28(2r)(270° /180°) = 1.319 
P, = P, exp(—f¢) = 7600 exp(—1.319) = 2032 N 


2P; _ 2(7600) 


= = = 0.6333 N/mm? 633kPa Ans. 
Pa bD 80(300) mm or a ns 


300 


D 
=; Pay = (7600 — 2032) 


2 
= 835200N-mm or 835.2N-m_ Aas. 
16-13 
\Qp 
\ ae P, P, 
P, F 
P, 125 275 
125 
1 
— — | = 51.32° 
a = cos (=) 
o = 270° = 51.32? = 218.7" 
a4 
= 0.30(218.7) —— = 1.145 
fo = 0.30(218.7) 
12 275) F 12 275)4 
pe 2 rene 980 Ans 
125 125 
P, = Pz exp( f@) = 1280 exp(1.145) = 4022 N 
D 250 
T =(P, — Po) = = (4022 — 1280) — 
2 2 
= 342750N-mm or 343N-m Ans. 
16-14 
(a) D=16", b=3" 


n = 200 rev/min 


f=020, pa =T0psi 


bD — 70(3)(16 
Eq. (16-22): A= — = “ou — 1680 Ibf 


fo = 0.20(32/2) = 0.942 
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Eq. (16-14): P,) = P, exp(—f¢) = 1680 exp(—0.942) = 655 Ibf 


D 16 
C= = Pal> = (1680 — Os 


= 8200 lbf-in Ans. 


T 8200(200 

oe iin: tae 
63025. 63025 

3P, _ 3(1680) 

10 ~— «10 


P= 


= 504 lbf Ans. 
(b) 


Force of belt on the drum: 


R = (16807 + 6557)!/? = 1803 lbf 


1680 lbf 


655 Ibf 


Force of shaft on the drum: 1680 and 655 Ibf 
Join Tp, = 1680(8) = 13 440 Ibf - in 
Tp, = 655(8) = 5240 Ibf - in 


13,440 isin 


1803 Ibf 


eae Net torque on drum due to brake band: 
\ T = Tp, — Tp, 
= 13 440 — 5240 
1680 Ibf 
een BE Tl = 8200 lbf - in 


8200 Ibf¥in 


The radial load on the bearing pair is 1803 Ibf. If the bearing is straddle mounted with 
the drum at center span, the bearing radial load is 1803/2 = 901 Ibf. 


(c) Eq. (16-22): 


2P 
P= bD 
Ple=oc = a — ayes = 70 psi Ans. 
As it should be 
2P» 2(655) 
Plo=270° = = 


= = 27.3 psi Ans. 
3(16) 3(16) 


16-15 Given: @=270°7,. b=2.125im, f=0.20, F=150lbi-f, D=825 in, ey — 2.25 in 
Notice that the pivoting rocker is not located on the vertical centerline of the drum. 


(a) To have the band tighten for ccw rotation, it is necessary to have cy < cz. When fric- 
tion is fully developed, 


a = exp( f$) = exp[0.2(32/2)] = 2.566 
2 
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(b) 


If friction is not fully developed 


Pi/P2 < exp(f¢) 


To help visualize what is going on let’s add a force W parallel to P;, at a lever arm of 
c3. Now sum moments about the rocker pivot. 


S°M =0=c,W+cP, — CP» 


From which 
CoP, — cP 
wa 22 fy 
C3 
The device is self locking for ccw rotation if W is no longer needed, that is, W < 0. 
It follows from the equation above 


P, (6p) 
Po Cl 
When friction is fully developed 
2.506 = 2.25 /¢) 
220 . 
cy = —— = 0.877 in 
2.566 


When P; / P2 is less than 2.566, friction is not fully developed. Suppose P; / P2 = 2.25, 
then 


We don’t want to be at the point of slip, and we need the band to tighten. 


6 
z cc 
P,/ Po 


When the developed friction is very small, P}/P; — 1 andc; > cy Ans. 


Rocker has c; = | in 


P 2,2 
2 ge 
P> Cl 1 
In( P, / P. In 2.2 
pa ae 
op 32/2 
Friction is not fully developed, no slip. 
P=P Pe =P Be 
=U) wy = 62 Py 5 
Solve for P> 
Be 8 nS ai 
[((Pi/P2)-—1]D (2.25 — 1)(8.25) 
P| = 2.25 P) = 2,25(349) = 785 lbf 
2FP 2(785 
Pp + = Ge) = 89.6 psi Ans. 


~ bD  2.125(8.25) 
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(c) The torque ratio is 150(12)/100 or 18-fold. 


349 
P, = — = 19.4 lbf 
ie 
Py = 2.25 Py = 2.25(19.4) = 43.6 lbf 
89.6 
p= eo 4.98 psi Ans. 


Comment: 


As the torque opposed by the locked brake increases, P and P; increase (although 
ratio is still 2.25), then p follows. The brake can self-destruct. Protection could be 
provided by a shear key. 


16-16 "Pe 
(a) From Eq. (16-23), since F= 7 


(D=d) 
then 


2F 


BO Day 


and it follows that 
2(5000) 
7(225)(300 — 225) 
=0.189N/mm* or 189000N/m* or 189kPa Ans. 


rs “lip+a)= rt) (300 + 225) 


Pa >= 


= 164043 N-mm or 164N-m Azns. 
(b) From Eq. (16-26), 


sp ciel”) 


4F 7 4(5000) 
m(D2 —d?) (3002 — 2252) 
= 0.162 N/mm? = 162 kPa Ans. 


Pa = 


From Eq. (16-27), 
pp = fpa(D? — @) = 1 (0.25)(162)(10°)(300° — 2253)(1073)3 


= 166N-m Aas. 


16-17 
(a) Eq. (16-23): 


Pad (120)(4) 


ie (D=d)= = Be — 4) = 1885lbf Ans. 
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Eq. (16-24): 
7 = TERA pe — dyy = OEE 6.7 - 20 
= 7125|bf-in Ans. 
(b) T= w(0.24)(120d) (6.5? — @2)(6) 


8 


d, in T, lbf- in 


2 5191 
3 6769 
4 7125 Ans. 
5 5853 
6 2545 


(c) The torque-diameter curve exhibits a stationary point maximum in the range of 
diameter d. The clutch has nearly optimal proportions. 


16-18 
(a) 7. ThPad(D? — YN 
ne 


Differentiating with respect to d and equating to zero gives 


= CD*d—-Cd 


dT 
—_ = CD’ —3Cd* =0 
dd 
D 
d* = — Ans. 
J3 
aT 
—_ =-—6Cd 
dd2 


which is negative for all positive d. We have a stationary point maximum. 


(b) d* = -- RG Sia Ane: 
24)(120) (6. 
+ = TOM 7 O.5/V/3) 6 52 (6.52/3)|(6) = 7173 Ibf- in 


(c) The table indicates a maximum within the range: 


3<d<5in 


d 
(d) Consider: 0.45 < 5 < 0.80 
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Multiply through by D 
0.45D < d < 0.80D 
0.45(6.5) < d < 0.80(6.5) 
292) = 0 <3. i 
(5) =7"/D= ko = 0577 
D V3 
which lies within the common range of clutches. 
Yes. Ans. 


16-19 Given: d=0.306m, /=0.060m, T=0.200kN-m, D=0.330m, f = 0.26. 


153 
| 7 _ Not to scale 7 7 


Uniform wear 


Eq. (16-45): 
0.26)(0.306 
0.200 = 7(0.26)(0.306) Pa 19 3392 — 0.3067) = 0.002 432p, 
8 sin 11.31° 
0.200 
pe 9 
Pi oonas 
Eq. (16-44): 
id 82.2)(0.306 
F= =e G=2)= ov (0.330 — 0.306) = 0.949 kN Ans. 
Uniform pressure 
Eq. (16-48): 
0.26 
0.200 = 200.76) Pa_ (9 3303 — 0.3063) = 0.00253 p, 
12 sin 11.31° 
0.200 
Pa = ———— = 79.1 kPa Ans. 
0.002 53 
Eq. (16-47): 
’ 79.1 
Fe = (Dp? — ay = 7 7 ) (0.3302 — 0.3062) = 0.948 KN Ans. 
16-20 Uniform wear 
| 
Eg. (16-34): T = 5(6— 01) fpari (r — 77) 


_ 
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Eq. (16-33): F = (2 — 1) pari(o — Ti) 
T 1/2)(0. —6 ri(r2 — r2 
_— (1/2) — 61) fpari(r2 — 7?) 


fFD 7 f(O2 = 01) PaVi(To _ ri)(D) 


; D/2+d/2 1 d 


2D 2D 4 
Uniform pressure 
1 
Eq. (16-38): T = 5(02 — 61) fPa (ro — 17) 
Eq. (16-37): 


1 
F = (62 — 61) Pa (9 — 77) 


T _ (0/3), — 1) fpalr3 — 73) -3{ (D/2)> — (a/2)3 | 
FFD (1/2) f(@—)pa(r3—r7)D 3 | [(D/2)? — (4/2) 


2(D/2)°1—(d/Dy’) _ 1f1—(/D/y 
= = O.K. Ans. 
3(D/2"[1=(@/DY1D 3|1—(d/D? 
16-21 @ = 21n/60 = 27 500/60 = 52.4 rad/s 
H 2010 
= CO) _ 48.9 N-m 
a) 52.4 
Key: 
Lr 262 
F=— = — =3.18kN 
r 12 
Average shear stress in key is 
3.18(103) 
= —— = 13.2 MPa Aas. 
6(40) cn 
Average bearing stress is 
F 3.18(10° 
Op = — = ( ) = —26.5 MPa_ Ans. 


Ap 3(40) 


Let one jaw carry the entire load. 
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The bearing and shear stress estimates are 


—2.15(10°) 
— —__"*_*_ = _226 MPa _ Ans. 
% = 10(22.5 — 13) a eee 
2.15(107) 


C= 
10[0.252(17.75)7] 


= 0.869 MPa_ Ans. 


16-22 @, = 27n/60 = 277(1800)/60 = 188.5 rad/s 
@2 = 0 


From Eq. (16-51), 


hl Tt 320(8.3 
a tn (apo New” 
hth @| — W2 188.5 — 0 
Eq. (16-52): 
188.57 
E = 14.09 ( Jao) = 250 kJ 
Eq. (16-55): 
E 250(103 
AT = — ao) =27.8°C_ Ans. 
Cpm 500(18) 
16-23 
2 24 
n= ne = ume = 250 rev/min 
2 2 
260 — 240 
Gs = 950 = 0.08 Ans. 
@ = 27(250)/60 = 26.18 rad/s 
E,-—E 
fae ON. sae ee 
Cy 0.08(26.18)? 
m WwW 
i= z (do +4) = gg (fo + 4i) 
= 8el = 8(386)( 1094) — 502 [bf 
d> + a 602 + 562 
w = 0.260 Ibf/in? for cast iron 
W 502 
V=— = —— = 1931 ir’ 
w 0.260 
t L 
Also, V =" (4; —d?) = (60° — 56°) = 3641 in’ 
Equating the expressions for volume and solving for f, 
1931 : 
= — =5.3in Ans. 
364 


_ 
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16-24 (a) The useful work performed in one revolution of the crank shaft is 
U = 35(2000)(8)(0.15) = 84(10°) in - Ibf 
Accounting for friction, the total work done in one revolution is 
U = 84(10°)/(1 — 0.16) = 100(10°) in - Ibf 


Since 15% of the crank shaft stroke is 7.5% of a crank shaft revolution, the energy 
fluctuation is 


Ey — E, = 84(10°) — 100(10°)(0.075) = 76.5(10°) in- Ibf Ans. 
(b) For the flywheel 
n = 6(90) = 540 rev/min 
_ 2nn _ 2n(540) 
60 60 
Since C, = 0.10 


= 56.5 rad/s 


Ey — Ey; 76.5(10°) 4s 
fa, 276 Gia 
Co 0.10(56.5) = 


Assuming all the mass is concentrated at the effective diameter, d, 


md2 
Se 
4 
doh A 239, 
wa 28! _ 4686)239.6) _ sci pe Ans. 
Fp 482 


16-25 Use Ex. 16-6 and Table 16-6 data for one cylinder of a 3-cylinder engine. 


GC, = 0,30 
n = 2400 rev/min or 251 rad/s 
3(3368 
i ( ) = 804in-lbf Ans. 
4m 
Ey — E, = 3(3531) = 10590 in - Ibf 
E,—E 10590 
| ie — 0.560 in- Ibf-s? Ans. 


C,a2 ~—« 0.302512) 


Th Th 
(15)(=—=fFoirep = =— rp = — Ans: 
'G —ft 
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(2) 2 Equivalent energy 
i ee (1/2) ho; = (1/2)(2); (wf) 
. I, C)1 = ay = af Ans. 
OF n 


fe: re\” (mG re\’ (re\” 4 

Ip rp mp rp rp 
Ig n*Ip 2 

From (2) (1), = >z=a Ean Ip Ans. 
nN nN 


1 
(b) Ie = Iu +Ip+n?Ip+— Ans. 
nN 


100 
2 
(c)  =10+1+410 (D+ tor 


= 10+1+100+1=112 
[ t reflected load inertia 
reflected gear inertia Ans. 
pinion inertia 


armature inertia 


16-27 (a) Reflect /;, JG to the center shaft 


Reflect the center shaft to the motor shaft 


Ip + mp + I,/n? 
2 


Ty + lp + 5 
n 


2 Ip m I, 
le =Im tip +n'Ip + — + Ip +5 Ans. 
n n m*n 
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Ip R*Ip I, 


(b) For R =constant=nm, I, =Iy+Ip ge Ts a ye as Ans. 
n n R 
al 2(1) 4(10’)(1 
(c) ForR=10, — ~0+0+42n(1) — AY _ 4AM 99 
dn n> n> 
n° —n* — 200 =0 
From which 
n* = 2.430 Ans. 
m* = a =4115 Ans 
2.430 
Notice that n* and m* are independent of I, . 
16-28 From Prob. 16-27, 
Ip R*Ip I, 
_ 2 
Ie=Iy+Ip+n ee Yat Be 
1 100(1) — 100 
=104147°(1) 4+ — 4+ —— + —_ 
. a ka a nt 10° 
1 100 
=10+1l+n°+5+—7+1 
n n 
n I. 
1.00 114.00 
1.50 34.40 I, 
2.00 22.50 af ° * 
2.43 20.90 ' 
3.00 22.30 : - 
4.00 28.50 7 
5.00 37.20 fo ° 
6.00 48.10 oe an Ter 
7.00 61.10 ola 4 6 8 10 A 
8.00 76.00 2.43 
9.00 93.00 
10.00 112.02 


Optimizing the partitioning of a double reduction lowered the gear-train inertia to 
20.9/112 = 0.187, or to 19% of that of a single reduction. This includes the two addi- 
tional gears. 


16-29 Figure 16-29 applies, 
tj=10s, ft, =0.558 
tbo -— ty 10 —0.5 _ 


= = 19 
ty 0.5 


_ 
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The load torque, as seen by the motor shaft (Rule 1, Prob. 16-26), is 
1300(12) 


=| 10 = 1560 Ibf - in 
The rated motor torque T;. 1s 
, = PORE) = 168.07 Ibe - in 
1125 


For Eqs. (16-65): 


2m (4195) = 117.81 rad/ 
r=—= = : rad/s 
oe 6G 


2 
6.2 = (1200) = 125.66 rad/s 


fe —T, __ 168.07 9141 
Ws — Oy 125.66 — 117.81 


7 T,@s ___ 168.07(125.66) 
i= Gi  125.66— 117.81 


= 2690.4 Ibf - in 


The linear portion of the squirrel-cage motor characteristic can now be expressed as 


Ty = —21.41@ + 2690.4 Ibf - in 


Eq. (16-68): 
1560 — so?) aad 


T> = 168.07 
: ( 1560 — T 


One root is 168.07 which is for infinite time. The root for 10 s is wanted. Use a successive 
substitution method 


To New 7) 
0.00 19.30 
19.30 24.40 
24.40 26.00 
26.00 26.50 
26.50 26.67 
Continue until convergence. 
ig = 26.171 


Eq. (16-69): 
~21.41(10 — 0.5) 

~ In(26.771/168.07) 
Tp 

= a 


= 110.72 in- lbf - s/rad 


(62) 
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T,—b _ 26.771 — 2690.4 
a —21 Al 


@min = 117.81 rad/s Ans. 


124.41 + 117.81 
o= ; is = 121.11 rad/s 


@max — @min 124.41 — 117.81 
C; = = = 0.0545 Ans. 
(@max + @min)/2 (124.41 + 117.81)/2 


= 124.41 rad/s Ans. 


WOmax = 


1 1 
E, = 510, = 5 (110.72)(117.81)° = 768 352 in - Ibf 


Ey = 503 = 5(110.72)(124.41) = 856 854 in- lbf 
AE = E, — Ey = 768 352 — 856 854 = —88 502 in - Ibf 
Eq. (16-64): 
AE = CyI@* = 0.0545(110.72)(121.11)? 
= 88508 in-lbf, closeenough Ans. 
During the punch 
7 03025H 


n 
_ Ti@(60/27) — 1560(121.11)(60/277) 


63 025 63 025 


The gear train has to be sized for 28.6 hp under shock conditions since the flywheel is on 
the motor shaft. From Table A-18, 


r= 2G +a) = (8 +a) 


8 8g 
8el 8(386)(110.72) 
v= 2— 2 
a? + d; d?2 + d; 


If a mean diameter of the flywheel rim of 30 in is acceptable, try a rim thickness of 4 in 
d; = 30 — (4/2) = 28 in 
dg = 30+ (4/2) = 32 in 


_ 8(386)(110.72) 


= 189.1 Ibi 
322 + 282 is 


Rim volume V is given by 


i [ 
ve a (a —d?) = 32? — 282) = 188.51 
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where / is the rim width as shown in Table A-18. The specific weight of cast iron is 
y = 0.260 lbf- in’, therefore the volume of cast iron is 


189. 
yee, RO 727.3 in? 
y 0.260 
Thus 
188.51 = 727.3 
727.3 


Proportions can be varied. 


16-30 = Prob. 16-29 solution has / for the motor shaft flywheel as 
I = 110.72 in - Ibf - s’/rad 
A flywheel located on the crank shaft needs an inertia of 10°7 (Prob. 16-26, rule 2) 
I = 10°(110.72) = 11072 in- Ibf- s’/rad 
A 100-fold inertia increase. On the other hand, the gear train has to transmit 3 hp under 
shock conditions. 
Stating the problem is most of the solution. Satisfy yourself that on the crankshaft: 
Ty = 1300(12) = 15 600 Ibf - in 
T, = 10(168.07) = 1680.7 Ibf - in 
@, = 117.81/10 = 11.781 rad/s 
Ws = 125.66/10 = 12.566 rad/s 
a = —21.41(100) = —2141 
b= 2090,335(10) = 269035 
Tu = —2141a@, + 26 903.5 Ibf - in 


15600 = 16805), 
15600 — T> 


T, = 1680.6 ( 


The root is 10(26.67) = 266.7 Ibf - in 
© = 121,11/10 = 12.111 rad/s 
C, = 0.0549 (same) 
One = 121,11/10 =] 12.111 rad/s. Ans, 
@min = 117.81/10 = 11.781 rad/s Ans. 
E,, Ex, AE and peak power are the same. 
From Table A-18 
821 8(386)(11 072) 
Ww= = 
d? + d? d> +d? 


_ 
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Scaling will affect d, and d;, but the gear ratio changed J. Scale up the flywheel in the 
Prob. 16-29 solution by a factor of 2.5. Thickness becomes 4(2.5) = 10 in. 
d = 30(2.5) = 75 in 
do = 75 + (10/2) = 80 in 
d; = 75 — (10/2) = 70 in 
8(386)(11 072) 
~~ 802 + 702 
3026 
~ 0.26 


= 3026 lbf 


v — 11 638 in® 


7 “1(80" ~ 702) = 11781 


11638 
= —— = 9.88 i 
1178 = 
Proportions can be varied. The weight has increased 3026/189.1 or about 16-fold while 
the moment of inertia / increased 100-fold. The gear train transmits a steady 3 hp. But the 
motor armature has its inertia magnified 100-fold, and during the punch there are decel- 
eration stresses in the train. With no motor armature information, we cannot comment. 


16-31 This can be the basis for a class discussion. 


Chapter 17 


17-1 Preliminaries to give some checkpoints: 
1 1 
a Angular velocity ratio ~ 0.5 
Hon = 2 hp, 17s0revinmn,, C=9(12)=108 im, KAg=1.25, ng =! 
dmin = 1in, Fy = 35 |bffin, y = 0.035 lbffin’, f =0.50, b=6in, d=2in, 
from Table 17-2 for F-1 Polyamide: t = 0.05 in; from Table 17-4, C, = 0.70. 
w= 12ybt = 12(0.035)(6)(0.05) = 0.126 Ibi/it 
6g = 3.123 rad, exp( f0) = 4.766 (perhaps) 
mdn _ gt(2)(1750) 


2 


Ve 7 = 5 = 916.3 ft/min 
w (V\* 0.126 (916.3\7 
foe ee | (| = ONS IbE Ans. 
(a) Eq.(¢): Fe = 35774 (=) sin ( 60 . 
7 — 93025(2)1-25)) _ 9p oie in 
1750 
2T 290) 
d 2 


Eq. (17-12): (Fda = bFagCpCy = 6(35)(0.70)(1) = 147 Ibf Ans. 
he he Al =] 47 == 37 lor Ans. 


Do not use Eq. (17-9) because we do not yet know /”. 


Figt F 147+ 57 
Eq. (i) Fi = — —F.= oe — 0.913 = 101.1 Ibf Ans. 
1 (Fi)a — Fe | 147 — 0.913 
‘’— _] = = 0.307 
f | Fy — F. su"(Foa5s) 
The friction is thus undeveloped. 
(b) The transmitted horsepower is, 
AF)V  90(916.3 
= ae) = ( ) =2.5hp Ans. 
33 000 33 000 
H 25 
Nfs => => = 1 

Fioake 201.23) 

From Eq. (17-2), L= 225.3 in Ans. 
3C-w 
F Eq. (17-13), dip= 
(c) From Eq. ( ) P= OF 

where C is the center-to-center distance in feet. 

3(108 /12)?(0.126 

dip = Sas Bee = (0151 in -Ans: 


2(LOLT) 
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Comment: The friction is under-developed. Narrowing the belt width to 5 in (if size is 
available) will increase f’. The limit of narrowing is bmin = 4.680 in, whence 


w = 0.0983 lbf/ft (Fy)q = 114.7 lbf 
F.. = 0.712 Ibf F) = 24.6 lbf 
T = 90 lbf-in (same) =f e050 

AF =(Fi)q — Fy = 90 lbf dip = 0.173 in 
F; = 68.9 lbf 


Longer life can be obtained with a 6-inch wide belt by reducing F; to attain f’ = 0.50. 
Prob. 17-8 develops an equation we can use here 


(AF + Fe) exp(f0) — Fe 


F,= 
exp(f@) —1 

Fy) = Fi — AF 

PLAtk 

2 

1 PF, -— F. 
Pasi 

64 Fyn -— Fy 
di 3(C:D/12)>w 
ip = —————_- 
P 2F, 


which in this case gives 
F, = 114.9 lbf f= 0913 Ibi 
Fy = 24.8 lbf f' =050 
F; = 68.9 lbf dip = 0.222 in 
So, reducing F; from 101.1 lbf to 68.9 Ibf will bring the undeveloped friction up to 


0.50, with a corresponding dip of 0.222 in. Having reduced F; and F>, the endurance 
of the belt is improved. Power, service factor and design factor have remained in tack. 


17-2. There are practical limitations on doubling the iconic scale. We can double pulley diame- 
ters and the center-to-center distance. With the belt we could: 


¢ Use the same A-3 belt and double its width; 

¢ Change the belt to A-5 which has a thickness 0.25 in rather than 2(0.13) = 0.26 in, and 
an increased F,,; 

¢ Double the thickness and double tabulated F,, which is based on table thickness. 


The object of the problem is to reveal where the non-proportionalities occur and the nature 
of scaling a flat belt drive. 

We will utilize the third alternative, choosing an A-3 polyamide belt of double thickness, 
assuming it is available. We will also remember to double the tabulated F, from 100 Ibf/in to 
200 Ibf/in. 
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In assigning this problem, you could outline (or solicit) the three alternatives just mentioned 
and assign the one of your choice—alternative 3: 


Ex. 17-2: b=10in, d=16in, D=32in, 
Polyamide A-3, t = 0.13 in, y = 0.042, F, = 
100 Ibf/in, Cp = 0.94, Cy = 1, f = 0.8 


Te 63 025(60)(1.15)(1.05) 
860 
w = 12 ybt = 12(0.042)(10)(0.13) 
= 0.655 lbf/ft 
V = 7dn/12 = 1(16)(860/12) = 3602 ft/min 
04 = 3.037 rad 
For fully-developed friction: 
expt fj): = (0.813.037) = 11,35 
wV? —_0.655(3602/60)7 
g 32.174 
(F)e= Fi =bh.GC, 
= 10(100)(0.94)(1) = 940 lbf 
AF =27T/D = 2(5313)/(16) = 664 Ibf 
fy = F, — AF = 940 — 664 = 276 Ibf 
F, + Fy 
ee 
_ 940 + 276 


= 5313 Ibf- im 


f= = 73.4 Ibf 


— 73.4 = 535 lbf 


Transmitted power H (or Hz): 


_ AF(V) _ 664(3602) 
~ 33000 33000 


= Eg In olen 
64 Fy — Fe 
1 \ 940 — 73.4 
— n 
3.037 276 — 73.4 


= 0.479 undeveloped 


= 72.5 hp 


Note, in this as well as in the double-size case, 
exp(f6a) is not used. It will show up if we 
relax F; (and change other parameters to trans- 
mit the required power), in order to bring f’ up 
to f = 0.80, and increase belt life. 

You may wish to suggest to your students 
that solving comparison problems in this man- 
ner assists in the design process. 


Doubled: b= 20in, d=32in, D=72 in, 
Polyamide A-3, t=0.26in, y = 0.042, 
Fg = 2(100) = 200 Ibffin, Cp =1, Cy=1, 
f=U5 


T = 4(5313) = 21 252 lbf- in 
w = 12(0.042)(20)(0.26) = 2.62 Ibf/ft 
V = 7(32)(860/12) = 7205 ft/min 

0? = 3.037 rad 

For fully-developed friction: 

exp( f@z) = exp[0.8(3.037)] = 11.35 
wV? _ 0.262(7205/60)? 


F. = = 1174.3 lbf 
g 32.174 
(Fi)a = 20(200)(1) (1) 
= 4000 Ibf = F; 


AF = 2T/D = 2(21 252)/(32) = 1328.3 lbf 
Fy = Fi — AF = 4000 — 1328.3 = 2671.7 lbf 
Og 


i= € 


_ 4000 + 2671.7 
7 2 
Transmitted power H: 
_ AF(V) _ 1328.3(7205) 
~ 33000 33000 
1 F, — F 
ff = In 1 Cc 
04 Fyn -— Fy 
1 ( 4000 — 1174.3 ) 


~ 3.037 \ 2671.7 — 11743 
= 0.209 undeveloped 


— 1174.3 = 2161.6 lbf 


= 290 hp 


There was a small change in C,. 


Parameter Change Parameter Change 
V 2-fold AF 2-fold 
F 16-fold F; 4-fold 
F, 4.26-fold H, 4-fold 
Fy 9.7-fold ci 0.48-fold 


Note the change in F, ! 
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17-3 
48" 


192" 


As a design task, the decision set on p. 881 is useful. 

A priori decisions: 

* Function: Hom =60hp, 2n=]380 reyimin, VR=1, C=192m, K,= 1,1 

¢ Design factor: ng = | 

¢ Initial tension: Catenary 

¢ Belt material: Polyamide A-3 

¢ Drive geometry: d= D= 48 in 

¢ Belt thickness: ¢ =0.13 in 

Design variable: Belt width of 6 in 

Use a method of trials. Initially choose b = 6 in 

mdn _ 1(48)(380) 
2 862 

w = 12ybt = 12(0.042)(6)(0.13) = 0.393 Ibf/ft 


wV? _ 0.393(4775/60)? 


v= = 4775 ft/min 


F.= = 77.4 lbf 
g 32.174 

63 025(1.1)C 

T= ay) = 10946 Ibf - in 

380 
2T 2(10946) 
AF = = = 456.1 Ibf 

d 48 


Fy = (Fi)a = bFgCpC, = 6(100)(1)(1) = 600 lbf 
fy = F, — AF = 600 = 456.1 = 143.9 Ibf 
Transmitted power H 


_ AF(V) _ 456.1(4775) 


= - = 66h 
33 000 33 000 P 
ee 600 + 143.9 
F= re ea he OTN Fa he DOA Ibe 
2 2 
i. VRE OT 600 — 77.4 
Pa 4 a = (656 
f= o,in (2 = a) z (5 = ai) 


L = 534.8 in, from Eq. (17-2) 


Friction is not fully developed, so Dyin is just a little smaller than 6 in (5.7 in). Not having 
a figure of merit, we choose the most narrow belt available (6 in). We can improve the 
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design by reducing the initial tension, which reduces F; and F», thereby increasing belt life. 
This will bring f’ to 0.80 


_ (AF + F.) exp(f@) — Fe 
a exp( f@) — 1 
exp( f@) = exp(0.807) = 12.345 


Therefore 
345) —77.4 
GOO Ee TT _ sos 5 ip 
19.345 = 1 
Fy = F, — AF = 573.7 — 456.1 = 117.6 Ibf 
R= a - Fo F.= ied ND od 968 Sibe 


These are small reductions since f’ is close to f, but improvements nevertheless. 


aC w = 3(192/12)°(0.393) 
2F 2(268.3) 


dip = = 0.562 in 
17-4 From the last equation given in the Problem Statement, 


1 
1 — {2T/[d(ao — az)b]} 


exp(f¢) = 


1 2T (fo) =1 
7 map| fe) = 


2T 
laa | exp( fb) = exp(f¢) — 1 
be 1 (=) exp( fd) 
ao —an\ d /_exp( fo) — 1 
But 27T/d = 33000Aqg/V 
Thus, 


b= 
ag — 42 


1 (= 7) exp( f¢) 
V exp( fo) — 1 


O.E.D. 


17-5 Refer to Ex. 17-1 on p. 878 for the values used below. 


(a) The maximum torque prior to slip is, 
TH 63025 AnomK sna — 63025(15)(1.25)(1.1) 
7 n 7 1750 
The corresponding initial tension is, 


iT (exp(f@)+1\ 742.8 (11.17 +1 
' D\exp( f@) — 1 6 VAT =1 


= 742.8 lbf-in Ans. 


) = 148.1 lbf Ans. 
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(b) See Prob. 17-4 statement. The final relation can be written 
—— 1 33 000A, exp( f 0) 
mn FaCpCy — (12yt/32.174)(V/60)2 | V[exp( f@) — 1] 
_ 1 33 000(20.6)(11.17) 
~ 100(0.7)(1) — {[12(0.042)(0.13)]/32.174}(2749/60)2 | 2749(11.17 — 1) 


=413in Ans. 


This is the minimum belt width since the belt is at the point of slip. The design must 
round up to an available width. 


Eq. (17-1): 
D—-d 18 —6 
@g=7 = 2sin7! (=) =z —2sin! 306) 
= 3.016511 rad 
D—-d 18 —6 
Op = 7 ++ 2sin7! (=) =~” + 2sin7! Ed 
= 3.266 674 
Eq. (17-2): 


1 
L= (406) =C8=6y 1" + 5118(3.266 674) + 6(3.016511)] 
= 230.074 in Ans. 


2T  2(742.8) 
(c) AF = —- = ———— = 2476 lbf 


(Fi)a = bDFgCpCy = F, = 4.13(100)(0.70)(1) = 289.1 Ibf 
Fy = F, — AF = 289.1 — 247.6 = 41.5 lbf 


0.271 
F.=956(| —_ )=177 
0.393 
ee 2 289.1 + 41.5 
a — 2 Fp = = 17.7 = 1476 Ib 


Transmitted belt power H 
_ AF(V) _ 247.6(2749) 
~ 33000 33000 


ve § 20.6 
Nfs SS a SS 
AyomKs  15(1.25) 


= 20.6 hp 
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Ex. 17-1 This Problem 

b 6.00 4.13 

Ww 0.393 0.271 

F. 25.6 17.6 
(Fida 420 289 

Fy 172.4 42 

F; 270.6 147.7 

f 0.33* 0.80** 
dip 0.139 0.176 


*Friction underdeveloped 
**Friction fully developed 
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If you only change the belt width, the parameters in the following table change as shown. 


17-6 The transmitted power is the same. 


n-Fold 
b=6in b=12in Change 
F, 2500) Sl3 Z 
F; 270.35 664.9 2.46 
(Fide 420 840 2 
1) 172.4 592.4 3.44 
Fy 20.62 20.62 1 
Nfs Tal 1.1 1 
f’ 0.139 0.125 0.90 
dip 0.328 0.114 0.34 


If we relax F; to develop full friction (ff = 0.80) and obtain longer life, then 


n-Fold 
b=6in b=12in Change 
F, 25-6 313 2 
F; 148.1 148.1 1 
Fy 297.6 Dood 1.09 
Fy 50 75.6 1.51 
te 0.80 0.80 1 
dip 0.255 0.503 2 
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17-7 


Find the resultant of F; and F>: 


sin! pe 
a= —— 
2C 
; D-—-d 
sina = ——— 
2C 


pa f Pe ° 
& ee 
Osa 5 GC 
L(/D=-ay 
R* = F, cosa + Fy) cosa = (F, + F») 1-5 (Pz) | Ans. 
D—-d 
20 
From Ex. 17-2,d = 16 in, D = 36 in, C = 16(12) = 192 in, F; = 940 Ibf, F> = 276 lbf 


: 1 ° 
a sin al ) 2 


1 (36-16)? 


RY=F, sina — Ff, sina = (F, — Fp) Ans. 


36 — 16 
2(192) 


RY = (940 — 276) — 34.6 lbf 


d 16 
T=(=BF) (5) — (940 — 276) (>) — 5312 Ibf- in 


17-8 Begin with Eq. (17-10), 


2exp(f@) 


FP, = Fe + F; ——— 
: exp(f@) — 1 


Introduce Eq. (17-9): 


Ror 4 T eo j 2 exp( f0) _ pf. 26 exp( f0) 
D {exp( f@) — 1 | Lexp(f@) +1 D [exp(f@) -—1 
_ exp( f@) 
aia eae, i 
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Now add and subtract F, | 
exp( f@) — 1 
ee eo [er je exp( f8) ae exp f9) | 
exp(f@) — 1 exp( f@) — 1 exp( f0) — 1 
_ exp( f@) _ exp( f0) 
ed aa = q leo Ew - q 
Fi = (Fe + AF) aan — as 
exp( f@) — 1 exp( f@) — 1 
p= Ret AP em f—-F gen 
exp(f@) — 1 


From Ex. 17-2: 6g = 3.037 rad, AF = 664 lbf, exp( f@) = exp[0.80(3.037)] = 11.35, 
and fF. = 73.4 Ibf. 


r= (73.4 + 664)(11.35 — 73.4) 


= = 802 Ibf 
: (11.35 — 1) 
Fy = F, — AF = 802 — 664 = 138 Ibf 
802 + 138 
P= ae — 73.4 = 396.6 lbf 
1 Fi —F. 1 802 — 73.4 
Poa = 1 — (0.80 Ans. 
P=, n( 2) 3.037 1) - 


17-9 This is a good class project. Form four groups, each with a belt to design. Once each group 
agrees internally, all four should report their designs including the forces and torques on the 
line shaft. If you give them the pulley locations, they could design the line shaft when they 
get to Chap. 18. For now you could have the groups exchange group reports to determine 
if they agree or have counter suggestions. 


17-10 If you have the students implement a computer program, the design problem selections 
may differ, and the students will be able to explore them. For K,; = 1.25, ng = 1.1, 
d = 14 in and D = 28 in, a polyamide A-5 belt, 8 inches wide, will do (bmin = 6.58 in) 


17-11 Anefficiency of less than unity lowers the output for a given input. Since the object of the 
drive is the output, the efficiency must be incorporated such that the belt’s capacity is in- 
creased. The design power would thus be expressed as 


= Hom K sna 


H. 
: eff 


Ans. 


17-12 Some perspective on the size of F. can be obtained from 


rea ¥(¥) = Pee (yy 
~~ ¢ loo) g \60 
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An approximate comparison of non-metal and metal belts is presented in the table 
below. 


Non-metal Metal 
y, Ibf/in? 0.04 0.280 
b, in 5.00 1.000 
t, in 0.20 0.005 


The ratio w/wWm is 


Ww 12(0.04)(5)(0.2) 


Wm  12(0.28)(1)(0.005) 


The second contribution to F, is the belt peripheral velocity which tends to be low in 
metal belts used in instrument, printer, plotter and similar drives. The velocity ratio 
squared influences any F../(F~)m ratio. 

It is common for engineers to treat F, as negligible compared to other tensions in the 
belting problem. However, when developing a computer code, one should include F,. 


17-13 Eq. (17-8): 
Gy=—1 
AF=F,-Fh=(Fi- poe 
exp( f@) 
Assuming negligible centrifugal force and setting F; = ab from step 3, 
AF 0 
Din = es a (1) 
a |exp(fd)—-1 
Al Hg = Pen K, oe 
S = £1nom ng = 
. : a= "33.000 
33 000 HnomK sna 
AF = 
V 
1 (33 000H, 0 
Substituting into (1), Dmin = ye 
a V exp(f@) —1 
17-14 The decision set for the friction metal flat-belt drive is: 


A priori decisions 


* Function: Apon=—lhp, w=1730rTevimm, VR=2, C]i5m; Ky=— 1,2, 
Np = 10° belt passes. 


¢ Design factor: ng = 1.05 


¢ Belt material and properties: 301/302 stainless steel 
Table 17-8: Sy = 175000 psi, E=28Mpsi, v=0.285 
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¢ Drive geometry: d=2in, D=4in 
¢ Belt thickness: +t = 0.003 in 


Design variables: 


¢ Belt width b 
* Belt loop periphery 


Preliminaries 


A 15 in center-to-center distance corresponds to a belt loop periphery of 39.5 in. The 


Ha = HnomK sna = 1(1.2)(1.05) = 1.26 hp 


_ 63.025(1.26) 
7 1750 


= 45.38 bf - in 


40 in loop available corresponds to a 15.254 in center distance. 


9 
6, =m —2sin~! | ——_—— | = 3.010 rad 
ders een lasso | o 
6p =a +2sin! eee — 3.273 rad 
a 2(15.274) | 


For full friction development 


Eq. (17-15): 


From selection step 3 


= 

“ [s, (1 — v2)d 

16.50 Ibf/in of belt width 
ab = 16.50b 


(Fija 


exp( f@q) = exp[0.35(3.010)] = 2.868 


mdn _ gt(2)(1750) 


v= = = 916.3 ft/s 


12 12 


Sy = 175 000 psi 


Sp = 14.17(10°)(10°)~°*7 = 51212 psi 


For full friction development, from Prob. 17-13, 


So 


AF  exp(f6a) 


Dinin = 
a exp(f@z) —1 
2T = 2(45. 
AF = — GR, = 45.38 Ibf 
d 2 
45. : 
16.50 \ 2.868 — 1 


6 
Et i [51 10 — 28(10°)(0.003) 
(1 — 0.2857)(2) 
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Decision #1: b= 4.5 in 
Fy = (F\)g = ab = 16.5(4.5) = 74.25 Ibf 
Fy = F, — AF = 74.25 — 45.38 = 28.87 lbf 
Fie hy 7425+ 28.87 
2 2 


fae n=) eae (Fa) =0.314 
Ap Fa) «O10 887 
(AF)V 45.38(916.3) 
*~ "33000 33000 


A, 1.26 
Nfs => = — 
Pion i « 1(1.2) 


= 51,56 Ibi 


F; 


Existing friction 


= 1.26 hp 


1.05 


This is a non-trivial point. The methodology preserved the factor of safety corresponding 
tong = 1.1 even as we rounded Dyin up tod. 


Decision #2 was taken care of with the adjustment of the center-to-center distance to 
accommodate the belt loop. Use Eq. (17-2) as is and solve for C to assist in this. Remem- 
ber to subsequently recalculate 67 and 6p. 


17-15 Decision set: 
A priori decisions 
* Function: Ayn =Shp, N=1125revmn, VR=3, C=]20m, Ky= 1,25, 
Ny = 10° belt passes 
¢ Design factor: ng = 1.1 
¢ Belt material: BeCu, Sy =170000psi, E= 17(10°) psi, v= 0,220 
¢ Belt geometry: d=3in, D=Q9in 
¢ Belt thickness: t = 0.003 in 
Design decisions 
* Belt loop periphery 
¢ Belt width b 
Preliminaries: 
Hy = Hyon k hg = 9(1.25)(1.1) = 6.875.hp 
_ 63 025(6.875) 
7 1125 


Decision #1: Choose a 60-in belt loop with a center-to-center distance of 20.3 in. 


= 38522 Ibt+ in 


04 =~ 2sin | 2 ] = 2845 ma 


9-3 
Op = 2sin7! = 3.438 rad 
D=m+2sIn aes | ra 
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For full friction development: 


exp( f6qg) = exp[0.32(2.845)] = 2.485 
Vie OO a eas 
12 12 
S¢ = 56670 psi 


From selection step 3 


6 
rst |: = E 670 — 17(10°)(0.003) 


2.2 2 

Afr = = Ce = 2568 Ibi 
d 3 

— AF exp( f 6a) = 256.8 2.485 Aso 
a [exp(f@a) — 1 116.4 \ 2.485 — 1 


Decision #2: b=4in 
F, = (Fi)q = ab = 116.4(4) = 465.6 lbf 
Fy = F, — AF = 465.6 — 256.8 = 208.8 lbf 
Fi + Fy, 465.6+ 208.8 


R= = = 337.3 If 
5 a 


1 (F 1 465.6 
pate = | = 0.282 
f=¢,in (2) 2845" (Fes) 


ee (AF)V _ 256.8(883.6) 
~ 33000 #33000 
H 6.88 
Nfs = = = 
5(1.25)  5(1.25) 


Existing friction 


= 6.88 hp 


iB 


F; can be reduced only to the point at which f’ = f = 0.32. From Eq. (17-9) 


= 7 [Sega cil = (pags) 2013 
Eq. (17-10): 
2 ex 2(2.4 
Pi = F; ee = 301.3 Sas | = 429.7 lbf 
Fy = F, — AF = 429.7 — 256.8 = 172.9 lbf 
and i ee 


17-16 This solution is the result of a series of five design tasks involving different belt thick- 
nesses. The results are to be compared as a matter of perspective. These design tasks are 
accomplished in the same manner as in Probs. 17-14 and 17-15 solutions. 


444 


Solutions Manual e Instructor's Solution Manual to Accompany Mechanical Engineering Design 


The details will not be presented here, but the table is provided as a means of learning. 
Five groups of students could each be assigned a belt thickness. You can form a table from 
their results or use the table below 


t, in 
0.002 0.003 0.005 0.008 0.010 
b 4.000 3.500 4.000 1.500 1.500 
CD 20.300 20.300 20.300 18.700 20.200 
a 109.700 131.900 110.900 194.900 221.800 
d 3.000 3.000 3.000 5.000 6.000 
D 9.000 9.000 9.000 15.000 18.000 
F; 310.600 333.300 315.200 215.300 268.500 
F, 439.000 461.700 443.600 292.300 332.700 
Fy 182.200 209.000 186.800 138.200 204.300 
Nfs 1.100 1.100 1.100 1.100 1.100 
L 60.000 60.000 60.000 70.000 80.000 
f’ 0.309 0.285 0.304 0.288 0.192 
F; 301.200 301.200 301.200 195.700 166.600 
F, 429.600 429.600 429.600 272.700 230.800 
Fp 172.800 172.800 172.800 118.700 102.400 
f 0.320 0.320 0.320 0.320 0.320 


The first three thicknesses result in the same adjusted F;, F; and Fy, (why?). We have no 
figure of merit, but the costs of the belt and the pulleys is about the same for these three 
thicknesses. Since the same power is transmitted and the belts are widening, belt forces 
are lessening. 


17-17 


This is a design task. The decision variables would be belt length and belt section, which 
could be combined into one, such as B90. The number of belts is not an issue. 

We have no figure of merit, which is not practical in a text for this application. I sug- 
gest you gather sheave dimensions and costs and V-belt costs from a principal vendor and 
construct a figure of merit based on the costs. Here is one trial. 


Preliminaries: For a single V-belt drive with Hpom = 3 hp, n = 3100 rev/min, 
D = 12 in, and d = 6.2 in, choose a B90 belt, K; = 1.3 andng = 1. 


Ly = 90+ 1.8 = 91.8 in 
Eq. (17-165): 


2 
C= 035 fois _ 5 (12 4 6.)| 4. [os 2 = (12 + 6.)| — 2(12 — 6.2)2 


= 31.47 in 

aq | 12=—6.2 
2(31.47) 

exp( f@g) = exp[0.5123(2.9570)] = 4.5489 


pat OOO = 5071 eHiiin 
12 12 


= 2.9570 rad 
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Table 17-13: 


° ° 


180 
Angle 6 = 64 


180 
= (2.957 rad) ( 
ue Tv 


) = 169.42° 


The footnote regression equation gives K; without interpolation: 
K, = 0.143 543 + 0.007 468(169.42°) — 0.000 015 052(169.42°)? = 0.9767 
The design power is 
Hg = Hee, Kona =3(1.3)0) = 39 bp 


From Table 17-14 for B90, K2 = 1. From Table 17-12 take a marginal entry of Hiay = 4, 
although extrapolation would give a slightly lower Aap. 


Eq. (17-17): Ay = K, K2A ap 
= 0.9767(1)(4) = 3.91 hp 
The allowable A F, is given by 
_ 63025H_a — 63025(3.91) 


= = ——_——_—_— = 95.6 lbf 
n(d/2) 3100(6.2/2) 
The allowable torque Ty, is 
AF, 25.6(6.2 
Ty = cloacae 79.4 Ibf - in 
2 2. 
From Table 17-16, K. = 0.965. Thus, Eq. (17-21) gives, 
5031.8\7 
F. = 0.965 | ——— ] = 24.4 lbf 
@ ( 1000 ) 


At incipient slip, Eq. (17-9) provides: 


Re (=) Ee + | = (=) (ae ") — 90.0 Ibf 
d/ exp(f@) — 1 6.2 4.5489 — | 


Eq. (17-10): 


2 F 2(4.5489 
F, =F 4 F,| 2oPY® | @ 94.44. 29| 262” | @ 57.0 we 
exp(f0) +1 4.5489 + 1 
Thus, F) = F, — AF, =57.2—25.6 = 31.6 lbf 
HN, (.9D(1 
Eq. (17-26): Nfs = aN | ) = 1.003 Ans. 


Hi ~—3.9 
If we had extrapolated for Miah, the factor of safety would have been slightly less 

than one. 

Life Use Table 17-16 to find equivalent tensions 7; and 7). 


Kp 576 
T,=F,_ +(e) =ht+ Pi 57.2 + ci 150.1 Ibf 


K 576 
=F 4+ > = 57.2 + — = 105.2 Ibf 
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From Eq. (17-27), the number of belt passes is: 


=i 

1193 \~ 10.929 1193 \— 10.929 
Np = | (—— —— = 6.76(10° 
= (it) +(T35) ol 


From Eq. (17-28) for Np > 10°, 


NpLp 10°(91.8) 
= > 
720V ~ 720(5031.8) 


t>25340h Ans. 


Suppose 1; was too small. Compare these results with a 2-belt solution. 
Aap = 4 hp/belt, Tz = 39.6 lbf - in/belt, 
AF, = 12:8 Ibifbelt,. H,-= 3.91 hp/belt 

NopHa NpHa _ 203.91) _ 


se — — _ 2.0 
= He Hew Ry SCL) 
Also, F, = 40.8 lbf/belt, F, = 28.0 Ibf/belt, 
F;, = 9.99 |bf/belt, F. = 24.4 Ibf/belt 


(Fp); = 92.9 lbf/belt, (F),)2 = 48 Ibf/belt 
T, = 133.7 Ibf/belt, — T) = 88.8 Ibf/belt 
Np = 2.39(10'°) passes, t > 605600 h 


Initial tension of the drive: 
(Fi )arive = NpF; = 2(9.99) = 20 lbf 


17-18 Given: two B85 V-belts withd = 5.4 in, D = 16in,n = 1200 rev/min, and K, = 1.25 
Table 17-11: Lp = 85 + 1.8 = 86.8 in 
Eq. (17-17b): 


2 
C=(025 80. = = (16 + 5.)| + [50s = = (16 Si 5.4)| — 2(16 — 5.4)? 


= 26.05in Ans. 


Eq. (17-1): 
16—5.4 
2(26.05) 


6, = 180° — 2sin7! = 156.5° 


From table 17-13 footnote: 
K, = 0.143 543 + 0.007 468(156.5°) — 0.000015 052(156.5°)? = 0.944 
Table 17-14: Ko =1 


__ (5.4)(1200) 
i 12 


Belt speed: = 1696 ft/min 
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Use Table 17-12 to interpolate for Aap. 


2062. 1,59 
2000 — 1000 


Hg = K, K2Np Aa = 1(0.944)(2)(2.31) = 4.36 hp 


Aap = 1.59 + ( ) (1696 — 1000) = 2.31 hp/belt 


Assuming ng = | 
Ag = Ks Anomld = 1.25(1) Boom 


For a factor of safety of one, 


Hg = Ag 
4.36 = 1.25 Anom 
4. 
Ach = ee =3.49hp Ans. 
1.25 


17-19 


Given: Hnom = 60 hp, n = 400 rev/min, K, = 1.4, d= D=26in on 12 ft centers. 
Design task: specify V-belt and number of strands (belts). Tentative decision: Use D360 belts. 


Table 17-11: Ly = 500s) 3.9 = 303.3 i 
Eq. (17-16): 


2 
C2095 303.3 - 5 (26 rs 26) Es / 303.3 _ 5 (26 4. 26)| — 2(26 — 26)2 


= 140.8 in (nearly 144 in) 
Og=2, Op=x7, -expl[0.3l237]—5.0, 
mwdn —_7(26)(400) 
2° »©6©2 
Table 17-13: For 6 = 180°, K,=1 
Table 17-14: For D360, K» = 1.10 
Table 17-12: Atay = 16.94 hp by interpolation 
Thus, Ag = K, K2Aap = 1(1.1)(16.94) = 18.63 hp 
Ag => Ky Foom = 1460) = 84 hp 
Number of belts, Nz, 


v= = 2722.7 Inn 


Ks Hoom Ag 84 


= = 4.51 
K K2 Aa 


Nb 


~ Hy 18.63 — 

Round up to five belts. It is left to the reader to repeat the above for belts such as C360 

and E360. 

63025H, — 63025(18.63) 
n(d/2) ———-400(26/2) 

_ (AFg)d _ 225.8(26) 

— 2 2 


AF, = = 225.8 lbf/belt 


= 2935 lbf - in/belt 


Ta 
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Eq. (17-21): 


F. 3.408 ( “ede ait eae Ginteelt 
Coe 1000) ~~ 1000 ) 


At fully developed friction, Eq. (17-9) gives 
T ee + q . 2935 (; +1 


) = 169.3 lbf/belt 


dd | exp( f@) — 1 96 \5=1 
2 9 25 
Eq. (17-10): Fi = Fe + Fp | 2 oP ®_| = 95.9 4 169.3| 22 | = 308.1 wevbelt 
exp( f0) + 1 5+1 


heh — AF, = 308.1 =] 225.8 = 82.3 Ibti/belt 


HaNp _ (185.63) 


=1.109 Ans. 
ep 84 soa 


Nfs = 


Reminder: Initial tension is for the drive 
CF dave = Nery = 5(1609,3) = 846.5 lb 
A 360 belt is at the right-hand edge of the range of center-to-center pulley distances. 
D<C <3(D+4d) 
26 < C < 3(26+ 26) 


17-20 


Preliminaries: D = 60 in, 14-in wide rim, Hnom = 50 hp, n = 875 rev/min, Ky, = 1.2, 
nig = Llane = 875/110 = 5.147, d = 60/5.147 = 11.65 in 


(a) From Table 17-9, an 11-in sheave exceeds C-section minimum diameter and pre- 
cludes D- and E-section V-belts. 


Decision: Used = 11 in, C270 belts 
Table 17-11: Lp = 270+ 2.9 = 272,9 in 


2: 
C = 0.25 [272.9 = (60 4 10| 4. [5 = (60 4. 10| — 2(60 — 11)? 


= 76.78 in 


This fits in the range 
D<C <3(D+4a) 


60 < C < 3(60+ 11) 
60 in < C < 213 in 


__,/ 60-11 
64 =m — 2sin ——— | = 2.492 rad 
2(76.78) 
al 
6p = 2 sin! | ———_| = 3.791 rad 
eae as 7 


exp[0.5123(2.492)] = 3.5846 
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For the flat on flywheel 
exp[0.13(3.791)] = 1.637 
mdn _ m(11)(875) 
12 i2 


V= = 2519.8 ft/min 


Table 17-13: Regression equation gives K; = 0.90 

Table 17-14: Ky = 1.15 

Table 17-12: Aap = 7.83 hp/belt — by interpolation 

Eq. (17-17): Ag = K, K2 Ata = 0.905(1.15)(7.83) = 8.15 hp 
Eq. (17-19): Ag = Foon K tg =5001.2)(1,.1) = 66 hp 

Eq. (17-20): Np = 7 = _ = 8.1 belts 

Decision: Use 9 belts. On a per belt basis, 


63025H,  63025(8.15) 
= = = 106.7 lbf/belt 
a n(d/2)_- 875(11/2) © 


_ AFyd _ 106.7(11) 


Ty = 586.9 lbf per belt 
2 2 
vv 2510.8 \" 
F.. = 1.716 | —— } = 1.716 | ———)] = 10.9 lbf/belt 
1000 1000 


At fully developed friction, Eq. (17-9) gives 
_T ee + j _ 586.9 (saa +1 


) = 94.6 Ibf/belt 


‘ad | exp(f6a) — 1 11 \3.5846—1 
Eq. (17-10): 
2 8 2(3.5846 
F, = F.4 F,| 22%?) _| _ 19.9 4.04.6| 29840) | — 158.8 ierpelt 
exp( fa) + 1 3.584641 


hyo = F, = AF, = 158.8 = 106.7 = 52.1 Ibf/belt 


NpH, 8.15 
bie. 19) _ 44 OR Ane. 


ey 7 66 
Durability: 
(Fp); = 145.45 Ibf/belt, (F,)2 = 76.7 Ibf/belt 
T, = 304.4 lbf/belt, T, = 185.6 lbf/belt 
and t > 150000h 
Remember: (F; drive = 9(94.6) = 851.4 lbf 


Table 17-9: C-section belts are 7/8" wide. Check sheave groove spacing to see if 
14"-width is accommodating. 
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(b) The fully developed friction torque on the flywheel using the flats of the V-belts is 


1,637 => 1 
1.637+4+ 1 


exp(f@) = 1 
exp( f0) + 1 


The flywheel torque should be 
Tay = MGT, = 5.147(586.9) = 3021 Ibf-in per belt 


Taat = anil — £0(94.6)( ) = 1371 lbf-in per belt 


but it is not. There are applications, however, in which it will work. For example, 
make the flywheel controlling. Yes. Ans. 


17-21 


s S is the spliced-in string segment length 
Dz is the equatorial diameter 


D’ is the spliced string diameter 


6 is the radial clearance 
~~ StwDe=xD' =x(De +25) =aDe +208 


From which 
ae 
On 
The radial clearance is thus independent of D-. 
i= Ee) =11.5in Ans. 
2a 


This is true whether the sphere is the earth, the moon or a marble. Thinking in terms 
of a radial or diametral increment removes the basic size from the problem. Viewpoint 
again! 


(b) and (c) 


Pitch surface | 


Table 17-9: For an E210 belt, the thickness is 1 in. 


210+4.5 210 4.5 
ie F dp —dj = ee ae = 
| 0.716" IT IT ma 

4.5 

26 = — 
is 
4.5 : 
6 = — =0.716in 
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The pitch diameter of the flywheel is 
Dp — 26 =D 
Dp = D+ 26 = 60 + 2(0.716) = 61.43 in 


We could make a table: 


Diametral Section 
Growth A B C D E 
1.3 18 29 3.3 £44:5 
26 


IU IU IU IU IU 


The velocity ratio for the D-section belt of Prob. 17-20 is 


,  D+28 6043.3/r 
NG = = 
d 11 


= 5.55 Ans. 


for the V-flat drive as compared to mg = 60/11 = 5.455 for the VV drive. 
The pitch diameter of the pulley is still d = 11 in, so the new angle of wrap, 6g, is 


D+265—d 
64 = 1 — 2sin! ae Ans. 
2C 


uf Da 26 =a 
6p =a +2sin (Aa) Ans. 


Equations (17-16a) and (17-16b) are modified as follows 


D+6-—d) 
bp =2C+5(D 428 +.d) + OF Ans. 


63025 [ip - 510+ 28+ 4)| 


2 
+ [er - Fo +240 ~2D+28—a)2$ Ans. 


The changes are small, but if you are writing a computer code for a V-flat drive, 
remember that 07 and @p changes are exponential. 


17-22 This design task involves specifying a drive to couple an electric motor running at 
1720 rev/min to a blower running at 240 rev/min, transmitting two horsepower with a 
center distance of at least 22 inches. Instead of focusing on the steps, we will display two 
different designs side-by-side for study. Parameters are in a “per belt” basis with per drive 
quantities shown along side, where helpful. 
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Conclusions: 


Parameter Four A-90 Belts Two A-120 Belts 
mG 7.33 7.142 
K, 1.1 1.1 

Nd 11. 1.1 

Ki 0.877 0.869 
K> 1.05 1.15 
d,in 3.0 4.2 

D, in 22 30 

6a, rad 2.333 2.287 

V, ft/min 1350.9 1891 
exp( f 8q) 3.304 3.2266 
Lp, in 91.3 101.3 
C, in 24.1 31 
Aap, UNCorr. 0.783 1.662 
Np Aap, UNCOTT. 3.13 3.326 
T,, lbf - in 26.45(105.8) 60.87(121.7) 
A Fy, lbf 17.6(70.4) 29.0(58) 
Ag, hp 0.721(2.88) 1.667(3.33) 
Nfs 1.192 1.372 
Fy, lbf 26.28(105.2) 44(88) 
Fy, lbf 8.67(34.7) 15(30) 
(Fy)1, lbf 73.3(293.2) 52.4(109.8) 
(Fy )2, lbf 10(40) 7.33(14.7) 
F.., lof 1.024 2.0 

F;, lbf 16.45(65.8) 27.5(55) 
T,, lbf - in 99.2 96.4 

T>, |bf - in 36.3 57.4 
N’, passes 1.61(10°) 2.3(10°) 
t>h 93 869 89 080 


e Smaller sheaves lead to more belts. 


¢ Larger sheaves lead to larger D and larger V. 


¢ Larger sheaves lead to larger tabulated power. 


¢ The discrete numbers of belts obscures some of the variation. The factors of safety 
exceed the design factor by differing amounts. 


17-23. In Ex. 17-5 the selected chain was 140-3, making the pitch of this 140 chain 14/8 = 1.75 in. 


Table 17-19 confirms. 


17-24 


(a) Eq. (17-32): Hy = 0.004N/¥n}? pO"? 


1000K,N; > p®8 
Ay = 15 
Hy 


Eq. (17-33): 
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Equating and solving for n; gives 


0.25(10°)K, N042] 1/24 
oe pe2—0.07p) Ans 


(b) For a No. 60 chain, p = 6/8 = 0.75in, N,; =17, K,=17 


7 eee 


1/2.4 
0.7512.2-0.07(0.75)1 = 1227 rev/min Ans. 


Table 17-20 confirms that this point occurs at 1200 + 200 rev/min. 


(c) Life predictions using Eq. (17-40) are possible at speeds greater than 1227 rev/min. 
Ans. 


17-25 Given: a double strand No. 60 roller chain with p = 0.75 in, Ny = 13 teeth at 300 rev/min, 


N> = 52 teeth. 

(a) Table 17-20: Ap = 6.20 hp 
Table 17-22: K, =0.75 
Table 17-23: Ka =1.7 
Use K,; =1 
Eq. (17-37): 


Ha = K1K2H = 0.75(1.7)(6.20) = 7.91 hp Ans. 
(b) Eqs. (17-35) and (17-36) with L/p = 82 


_ 13452 


A = §2= 49:5 


5213 \" 
C= =| 405 &. 46528 — 23.95 p 
4 20 


C = 23.95(0.75) = 17.96 in, roundupto18in Ans. 


(c) For 30 percent less power transmission, 
A=0.7(7.91) =5,54 hp 


63 025(5.54 
‘i eae) = 1164 lbf-in Ans. 


300 
Eq. (17-29): 
0.75 
D = ———— = 3.13 in 
sin(180°/13) 
T 1164 
F>=— = —~— =744lbf Ans. 


r  3,13/2 
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17-26 Given: No. 40-4 chain, VN; = 21 teeth form = 2000 rev/min, N> = 84 teeth, 
h = 20000 hours. 


(a) Chain pitchis p = 4/8 = 0.500 in and C = 20 in. 
L  2(20) " 2184 (84=21)7 


Eq. (17-34): — = —— —.——— = 135 pitch link 
i? a = 9s 2 472(20/0.5) pence Oem) 
L = 135(0.500) = 67.5in Ans. 
(b) Table 17-20: Aap = 7.72 hp  (post-extreme power) 


Eq. (17-40): Since Ky is required, the N? > term is omitted. 
(7.727°) (15.000) 


const = = 18399 
135 
18 399(135) ]!/2> 
H., = nae) | =6.88hp Ans. 
20.000 


(c) Table 17-22: 


Table 17-23: Kz = 3.3 
H, = K,K2H,, = 1.376.3)(6.88) = 31.1 hp Ans. 


N 21(0.5)(2000 
(d) V= = ( a ) _ 1750 ft/min 


_ 33.000(31.1) 
a F750 


= 586 lbf Ans. 


17-27 This is our first design/selection task for chain drives. A possible decision set: 
A priori decisions 
¢ Function: Hnom, 11, space, life, Ks 
¢ Design factor: ng 
¢ Sprockets: Tooth counts N; and N2, factors K; and K 
Decision variables 
¢ Chain number 
e Strand count 
¢ Lubrication type 
¢ Chain length in pitches 
Function: Motor with Hpom = 25 hp at n = 700 rev/min; pump at n = 140 rev/min; 
mg = 700/140 = 5 
Design Factor: nq = 1.1 


Sprockets: Tooth count Nz = mgN, = 5(17) = 85 teeth-odd and unavailable. Choose 
84 teeth. Decision: Nj = 17, No = 84 
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Evaluate K; and K> 


Eq. (17-38): Ha = AnomK sna 
Eq. (17-37): Ag = K\ Ko Aap 
Equate Hy to Hg and solve for Aap: 
XK ty ree 
fa ea a a 
K,K> 
Table 17-22: K,=1 
Table 17-23: K> = 1, 1.7, 2.5, 3.3 for 1 through 4 strands 
; 1.5(1.1)(25) 41.25 
Ay = —>— = 
(1)K2 K 


Prepare a table to help with the design decisions: 


Chain Lub. 
Strands Ky Any No. tab nfs Type 


1.0 41.3 100 59.4 1.58 
lez 24.3 80 31.0 1.40 
pe 16.5 80 31.0 2.07 
oe 12.5 60 13.3 17 


BRWN Re 
Doww 


Design Decisions 


We need a figure of merit to help with the choice. If the best was 4 strands of No. 60 
chain, then 


Decision #1 and #2: Choose four strand No. 60 roller chain with nfs; = 1.17. 
Ki KoA — 1(3.3)C13.3) 


OT ie, aay 
Decision #3: Choose Type B lubrication 
Analysis: 
Table 17-20: Hey = 13.3 bp 
Table 17-19: p=0.73 in 


Try C = 30 in in Eq. (17-34): 
L_2C  M+No, (2— My? 
Pp a 4m2C/p 
17 + 84 (84 — 17)? 
2 47r2(30/0.75) 


== 9/30/75) 4 


= 133.3 > 134 


From Eq. (17-35) with p = 0.75 in, C = 30.26 in. 
Decision #4: Choose C = 30.26 in. 
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17-28 Follow the decision set outlined in Prob. 17-27 solution. We will form two tables, the first 
for a 15 000 h life goal, and a second for a50 000 h life goal. The comparison is useful. 


Function: Hpom = 50 hp at n = 1800 rev/min, pump = 900 rev/min 
mo = 1800/900=2, K,=1.2 
life = 15 000 h, then repeat with life = 50000 h 


Design factor:ng = 1.1 
Sprockets: Nj = 19 teeth, N> = 38 teeth 
Table 17-22 (post extreme): 


1.5 18 
1 
mel) =t2) =i 
17 17 


Kz = 1, 1.7, 2.5, 3.3,39, 4.6, 6.0 
Decision variables for 15 000 h life goal: 


KsndHpom _ 1.2(1.1)(50) _ 55.9 


Table 17-23: 


H.= = = 1 
ab K,K> 1.18K> kK (1) 
Ki KoA 1.18 K2 Aad 
= = = 0.0197 K> Hin 
eal a: ee 1.2(50) —— 


Form a table for a 15 000 h life goal using these equations. 


K 2 H ee Chain # H, tab Nfs Lub 


LO. 33.90 120 21.6 0.423 C’ 
1.7 32.90 120 216 0,923 C’ 
2.5 22.40 120 216 1064 C 
3.3 16.90 120 21.6 1404 C 
3.9 14.30 80 15.6 1.106 C 
4.6 12.20 60 24. 1.1296 <€ 
6.0 9.32 60 124 1416 C 


ONNBRWNFR 


There are 4 possibilities wherenss > 1.1 
Decision variables for 50 000 h life goal 
From Eq. (17-40), the power-life tradeoff is: 


(Hi,)7?15 000 = (H,,)?°50000 


15000 1/2.5 
tab = | Soa (Phas = 0.618 1,4 


Substituting from (1), 


5°) 34.5 


Hi, = 0.618 (—— ) = —> 
K iG 
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The H” notation is only necessary because we constructed the first table, which we nor- 


mally would not do. 


_ K\ KoH,, 


K, K2(0.618 


H’ 


n — — 
BOK esi 


Ks Anom 


Form a table for a50 000 h life goal. 


K, Hy, Chain# Aap Nfs Lub 
1 1.0 34.50 120 21.6 0.264 (ea 
2 1.7 20.30 120 21.6 0.448 Cc 
3 2.5 13.80 120 21.6 0.656 Cc 
4 3.3 10.50 120 21.6 0.870 Cc’ 
5 3.9 8.85 120 21.6 1.028 Cc 
6 4.6 7.60 120 21.6 1.210 o 
8 6.0 5.80 80 15.6 1.140 eg 


tab) 0.618[(0.0197) K> Hiab] = 0.0122 K> Aap 


There are two possibilities in the second table with ns; = 1.1. (The tables allow for the 
identification of a longer life one of the outcomes.) We need a figure of merit to help with 
the choice; costs of sprockets and chains are thus needed, but is more information than 


we have. 


Decision #1: #80 Chain (smaller installation) Ans. 


npy = 0.0122K> Ay = 0.0122(8.0)(15.6) = 1.14 O.K. 
Decision #2: 8-Strand, No. 80 Ans. 


Decision #3: TypeC’ Lubrication Ans. 


Decision #4: p = 1.0 in, C is in midrange of 40 pitches 


Eq. (17-36): 


A 
2 


C 1 
Eg. (17-35): — = — | 81.5+ ,/81.52 — 8 
Dp 4 


C = p(C/p) = 1.0(40.64) = 40.64 in (for reference) Ans. 


. Nite Ne L 1936 


b_2C | M+N2 , (N2- Mi)? 
op 2 42C/p 
19+38 (38-19)? 
= 2(40 ad 
Oe 5 47240) 
= 108.7 =  110eveninteger Ans. 
= — 110 = —81.5 
Dp 2 
38 — 19\* 
) = 40.64 
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17-29 The objective of the problem is to explore factors of safety in wire rope. We will express 
strengths as tensions. 


(a) Monitor steel 2-in6 x 19 rope, 480 ft long 


(b) 


Table 17-2: Minimum diameter of a sheave is 30d = 30(2) = 60 in, preferably 
45(2) = 90 in. The hoist abuses the wire when it is bent around a sheave. Table 17-24 
gives the nominal tensile strength as 106 kpsi. The ultimate load is 


a(2)° 


Fi, = (Sy)nomAnom = 106 = 333 kip Ans. 


The tensile loading of the wire is given by Eq. (17-46) 


r= (Ee) (008 


W=42)=8kp, m=1 
Table (17-24): 
wl = 1.60d7] = 1.60(2”)(480) = 3072 Ibf or 3.072 kip 


Therefore, 
F, = (8 + 3.072) (1 + =) =11.76kip Ans. 
32.2 
Eq. (17-48): 
_ E-dyAm 
= i 


and for the 72-in drum 


_ 12(10®)(2/13)(0.38)(2?) 10-9) 


Fy 7 = 39 kip. Ans. 
For use in Eq. (17-44), from Fig. 17-21 
(p/S,) = 0.0014 
S, = 240 kpsi, p. 908 
0.0014(240)(2)(72 
f= ( 5 Me)(72) = 24.2 kip Ans. 
Factors of safety 
Static, no bending: 
F, Sole) 
= — = —— = 283 Ans. 
"RF, 11.76 “ 
Static, with bending: 
F, — F 335 = 39 
Eq. (17-49): jo SS a GAs 


F, ~—«*11.76 
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Fatigue without bending: 


fe 24.2 
nf = a —— — 72.06 Ans. 
, F, 11.76 
Fatigue, with bending: For a life of 0.1(10°) cycles, from Fig. 17-21 
(p/Su) = 4/1000 = 0.004 
0.004 (240) (2) (72) 
Fr = 
2 
69.1 — 39 


Eq. (17-50): nf = “ae 2.56 Ans. 


= 69.1 kip 


If we were to use the endurance strength at 10° cycles (Fy = 24.2 kip) the factor of 
safety would be less than 1| indicating 10° cycle life impossible. 


Comments: 


¢ There are a number of factors of safety used in wire rope analysis. They are differ- 
ent, with different meanings. There is no substitute for knowing exactly which fac- 
tor of safety is written or spoken. 


Static performance of a rope in tension is impressive. 

¢ In this problem, at the drum, we have a finite life. 

e The remedy for fatigue is the use of smaller diameter ropes, with multiple ropes 
supporting the load. See Ex. 17-6 for the effectiveness of this approach. It will also 
be used in Prob. 17-30. 

¢ Remind students that wire ropes do not fail suddenly due to fatigue. The outer 

wires gradually show wear and breaks; such ropes should be retired. Periodic in- 

spections prevent fatigue failures by parting of the rope. 


17-30 


Since this is a design task, a decision set is useful. 

A priori decisions 

¢ Function: load, height, acceleration, velocity, life goal 

¢ Design Factor: ng 

¢ Material: IPS, PS, MPS or other 

¢ Rope: Lay, number of strands, number of wires per strand 


Decision variables: 
¢ Nominal wire size: d 
¢ Number of load-supporting wires: m 


From experience with Prob. 17-29, a 1-in diameter rope is not likely to have much of a 
life, so approach the problem with the d and m decisions open. 


Function: 5000 Ibf load, 90 foot lift, acceleration = 4 ft/s? , velocity = 2 ft/s, life 
goal = 10° cycles 

Design Factor: ng = 2 

Material: IPS 

Rope: Regular lay, 1-in plow-steel 6 x 19 hoisting 
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Design variables 
Choose 30-in Din. Table 17-27: w = 1.60d? Ibf/ft 


wl = 1.60d7] = 1.60d7(90) = 144d? lbf, ea. 
Eq. (17-46): 


Ww 5000 4 
R= (—+ul peo) ( 2 eae pe 
g m 32.2 


_ 5620 
——— +4 162d? Ibf, each wire 
m 
Eq. (17-47): 
(p/S,)S,Dd 
2 


From Fig. 17-21 for 10° cycles, p/S, = 0.004; from p. 908, S,, = 240000 psi, based on 
metal area. 


Fr = 


0.004(240 000)(30d 
Fr = ( 5 ¢ ) = 14400d Ibf each wire 


Eq. (17-48) and Table 17-27: 


EwdyAm  12(10°)(0.067d)(0.4d? 
= = a= a“ 30 M ) — 1072043 Ibf, each wire 


Eq. (17-45): 
Fr — Fy _ 14400d — 10720d° 
nh 
fF, (5620/m) + 162d? 


We could use a computer program to build a table similar to that of Ex. 17-6. Alterna- 
tively, we could recognize that 162d ? is small compared to 5620/m, and therefore elimi- 
nate the 162d” term. 


_ 14400d — 10720d? m 


ng = = (14 400d — 10 720d) 
5620/m 5620 
Maximize nf, 
Ong 2 
— =0= — [14400 — 3(10720)d 
dd 5620 ( Me 
From which 
14400 : 
32 160 = 0.669 in 


Back-substituting 


14 400(0.669 10 720(0.669°)] = 1.14 
np=s <a! ( )= ( )] m 
Thus n¢ =1.14, 2.28, 3.42, 4.56 for m=1, 2, 3, 4 respectively. If we choose d=0.50 in, 
then m = 2. 
14 400(0.5) — 10720(0.53) 


"t ~ —~(5620/2) + 162(0.5)2 
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This exceeds ng = 2 

Decision #1: d = 1/2 in 

Decision #2: m = 2 ropes supporting load. Rope should be inspected weekly for any 
signs of fatigue (broken outer wires). 


Comment: Table 17-25 gives n for freight elevators in terms of velocity. 


a 
F,, = (Sy) nomAnom = 106000 (=) = 83 252d" Ibf, each wire 


oe 83 452(0.5)” 
Fy (5620/2) + 162(0.5)2 
By comparison, interpolation for 120 ft/min gives 7.08-close. The category of construc- 


tion hoists is not addressed in Table 17-25. We should investigate this before proceeding 
further. 


= 22 


17-31 


2000 ft lift, 72 in drum, 6 x 19 MS rope. Cage and load 8000 Ibf, acceleration = 2 ft/s’. 


(a) Table 17-24: (Sy)nom = 106 kpsi; S, = 240 kpsi (p. 1093, metal area); Fig. 17-22: 
(p/Su)108 = 0.0014 


0.0014(240)(72)d 
Fy = r = 12.1d kip 
Table 17-24: wl = 1.6d?2000(10~*) = 3.2d” kip 
Eq. (17-46): F=(W+wl (1 = = 
g 


2 
= (84 3.247) | 14—_— 
(8 =p ( +35) 


= 8.54 3.4d? kip 
Note that bending is not included. 


Fr 12.1d 
h= =. == 

F; 8.5 + 3.4d? 
d, in n 
0.500 0.650 
1.000 1.020 
1.500 1.124 
1.625 1.125 <_maximumn Ans. 
1.750 1.120 


2.000 1.095 
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(b) Try m = 4 strands 


F,= 8 3.00 1+ z 
ci Ae 30:9 


= 2.12 + 3.4d? kip 
Fy = 12.1d kip 
12.1d 
n= —— 
2.12 + 3.4? 


d, in n 
0.5000 2.037 
0.5625 2.130 
0.6250 2.193 
0.7500 2.250 < maximumn Ans. 
0.8750 2.242 
1.0000 2.192 


Comparing tables, multiple ropes supporting the load increases the factor of safety, 
and reduces the corresponding wire rope diameter, a useful perspective. 


17-32 
ad 
n= —————_ 
b/m + cd? 
dn : (b/m + cd?)a — ad(2cd) =, 
dd (b/m + cd’)? 7 
From which 
b 
d* = ,/— _ Ans. 
mc 
ax/b/(mc) a /m 
n= =-,/ Ans. 
(b/m)+c[b/(mc)] 2Vb 
These results agree closely with Prob. 17-31 solution. The small differences are due to 
rounding in Prob. 17-31. 
17-33, From Prob. 17-32 solution: 


ad 
ny = ———} 
b/m + cd? 
Solve the above equation for m 
: (1) 
m = —————~ 
ad/n, — cd? 
dm _ [(ad/n) — ad*\(0) — b{(a/ny) — 2cd] 


a [(ad/n1) — ca? 


Chapter 17 463 


From which a= Ans. 
2cn; 
Substituting this result for d in Eq. (1) gives 
4b 
a = Ans 


a2 


17-34 
Am = 0.40d? = 0.40(27) = 1.6 in? 
E, =12Mpsi, w = 1.6d* = 1.6(2”) = 6.4 Ibf/ft 
wl = 6.4(480) = 3072 lbf 


Treat the rest of the system as rigid, so that all of the stretch is due to the cage weighing 
1000 Ibf and the wire’s weight. From Prob. 5-6 


Pl (wl)l 
~ AE 2AE 

1000(480)(12) | 3072(480)(12) 
~ 1.6(12)(10°) 2(1.6)(12)(10°) 
= 0.3 + 0.461 = 0.761 in 


5] 


due to cage and wire. The stretch due to the wire, the cart and the cage is 


_ 9000(480)(12) 


= 0.761 = 3.461 in Ans. 
2= T6210) * = one 


17-35 to 17-38 Computer programs will vary. 


Chapter 18 


Comment: This chapter, when taught immediately after Chapter 7, has the advantage of im- 
mediately applying the fatigue information acquired in Chapter 7. We have often done it 
ourselves. However, the disadvantage is that many of the items attached to the shaft have 
to be explained sufficiently so that the influence on the shaft is understood. It is the in- 
structor’s call as to the best way to achieve course objectives. 

This chapter is a nice note upon which to finish a study of machine elements. A very 
popular first design task in the capstone design course is the design of a speed-reducer, in 
which shafts, and many other elements, interplay. 


18-1 The first objective of the problem is to move from shaft attachments to influences on the 
shaft. The second objective is to “see” the diameter of a uniform shaft that will satisfy de- 
flection and distortion constraints. 


(a) 
dp + (80/16)dp 
= 12in 
2 
dp = 4.000in 
63 025(50 
= pee) = 1313 lbf 
1200(4/2) 
W’ = W' tan 25° = 1313 tan 25° = 612 lbf 
t 
wa _— BB _ sano me 


cos 25° cos 25° 


T = W'(d/2) = 1313(4/2) = 2626 lbf - in 


Reactions R4, Rg, and load W are all in the same plane. 


? > a Ra = 1449(2/11) = 263 lbf 
| 1" t Rp = 1449(9/11) = 1186 lbf 
Ry Rp 
M ! Myyax = 2371 Ibfein Max = Ra(9) = 1449(2/1 1)(9) 
! = 2371 lbf-in Ans. 
On OF 11" 
Components in xyz ae 


612 1074.3 
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(b) Using ng = 2 and Eq. (18-1) 


32ngFb(b2 — 12)|'/4 


30 E10. 


=| 


1/4 


7 perio — 11’) 
~ | 37r(30)(10%)(11)(0.001) 


= 1,625 in 
A design factor of 2 means that the slope goal is 0.001 /2 or 0.0005. Eq. (18-2): 


32nqFa(l2 — a2)\'/4 


370 E10. 


n= 


1/4 


_ Pennie — 9°) 
~ | 37(30)(108)(11)(0.001) 


= 1.810in 


The diameter of a uniform shaft should equal or exceed 1.810 in. Ans. 


18-2 This will be solved using a deterministic approach withng = 2. However, the reader may 
wish to explore the stochastic approach given in Sec. 7-17. 


Table A-20: Sur = 68kpsi and Sy = 37.5 kpsi 
Eq. (7-8): S!, = 0.504(68) = 34.27 kpsi 
Eq. (7-18): ka = 2.70(68)~°7® = 0.883 


Assume a shaft diameter of 1.8 in. 
1.8 \ 70-107 
Eq. (7-19): kp = ( : ) = 0.826 
ke = kag =kp = 1 
From Table 7-7 for R = 0.999, k, = 0.753. 


Eq. (7-17): Se = 0.883(0.826)(1)(1)(1)(0.753)(34.27) = 18.8 kpsi 

From p. 444, K, =2.14, Ky; = 2.62 

With r = 0.02 in, Figs. 7-20 and 7-21 give g = 0.60 and g; = 0.77, respectively. 
Eq. (7-31): Kr = 1+0.60(2.14 — 1) = 1.68 


Kp = 1-0.77(2.62 = 1) = 2.25 


(a) DE-elliptic from Eq. (18-21), 


1/3 


1/2 

16(2 1.68(2371) \* 2..25(2626) \* 

Fa PO al Oe ag (ee) 4 F05in. Ane. 
7 18 800 37 500 
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(b) DE-Gerber from Eq. (18-16), 
1/3 


16(2) (1.68) (2371) 144143 Geese aol: = 
(18 800) 1.68(2371) (68 000) 


= 1.687in Ans. 
From Prob. 18-1, deflection controls d = 1.81 in 


18-3 


It is useful to provide a cylindrical roller bearing as the heavily-loaded bearing and a ball 
bearing at the other end to control the axial float, so that the roller grooves are not subject 
to thrust hunting. Profile keyways capture their key. A small shoulder can locate the pinion, 
and a shaft collar (or a light press fit) can capture the pinion. The key transmits the torque 
in either case. The student should: 


¢ select rolling contact bearings so that the shoulder and fillet can be sized to the bearings; 
¢ build on the understanding gained from Probs. 18-1 and 18-2. 


Each design will differ in detail so no solution is presented here. 


18-4 


One could take pains to model this shaft exactly, using say finite element software. 
However, for the bearings and the gear, the shaft is basically of uniform diameter, 1.875 in. 
The reductions in diameter at the bearings will change the results insignificantly. Use 
E = 30(10°) psi. 


To the left of the load: 
Fb 
Oap = ——(3x7 +b°-P 
sa 757 Ta 

— :1449(2)(3x? + 2? — 11°) 

~ 6(30)(10%) (2 /64)(1.8254)(11) 

= 2.4124(10~°)(3x? — 117) 
Atx =0: 6 = —2.823(10-*) rad 
Atx = 9in: 6 = 3.040(10~*) rad 

1449(9)(112 — 9? 

Atx = 11in: ON 2 


~ 6(30)( 109) (st /64)(1.8754)(11) 
= 4.342(10~*) rad 
Left bearing: Station 1 


Allowable slope 
nh = 
is Actual slope 
0.001 
0.000 282 3 
Right bearing: Station 5 
0.001 
Nfs = 2.30 


~ 0.000434 2 


18-5 
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Gear mesh slope: 


Section 18-2, p. 927, recommends a relative slope of 0.0005. While we don’t know the slope 
on the next shaft, we know that it will need to have a larger diameter and be stiffer. At the 
moment we can say 
0.0005 
Nfs <<. —<—<_<—<_—— = 
0.000 304 

Since this is the controlling location on the shaft for distortion, nf; may be much less than 
1.64. 

All is not lost because crowning of teeth can relieve the slope constraint. If this is not 
an option, then use Eq. (18-4) with a design factor of say 2. 


n(dy/dx)oa |!“ 
(slope)ati 


2(0.000 304) 
0.000 25 


Technically, all diameters should be increased by a factor of 2.341/1.875, or about 1.25. 
However the bearing seat diameters cannot easily be increased and the overhang diameter 
need not increase because it is straight. The shape of the neutral surface is largely controlled 
by the diameter between bearings. 

The shaft is unsatisfactory in distortion as indicated by the slope at the gear seat. We 
leave the problem here. 


1.64 


dna = Gold 


1/4 


= 1.875 = 2.341 in 


Use the distortion-energy elliptic failure locus. The torque and moment loadings on the 
shaft are shown below. 


M,T 
(Ibf+in) Bilasssl fleas ee: 


Candidate critical locations for strength: 


¢ Pinion seat keyway 
¢ Right bearing shoulder 
¢ Coupling keyway 


Preliminaries: ANSI/ASME shafting design standard uses notch sensitivities to estimate 


Ky and Kfs. 
Table A-20 for 1030 HR: Sy; = 68 kpsi, Sy =37.5kpsi, Hg = 137 
Eq. (7-8): S! = 0.504(68) = 34.27 kpsi 
Eq. (7-18): ka = 2.70(68)~° = 0.883 


Ke=hgakh =! 
Pinion seat keyway 
See p. 444 for keyway stress concentration factors 
K; = 2.14 


Ki. = 2.62 Profile keyway 
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For an end-mill profile keyway cutter of 0.010 in radius, 


From Fig. 7-20: g=050 
From Fig. 7-21: gd; = 0.05 
Eq. (7-31): 


Kfs =1+ qs( Kis =) 
=1--0.63(2.02— 1) = 27,05 
Kee Is 0502141) = 157 


Eq. (18-15): 
A= 2K¢Ma = 2(1.57)(2371) = 7445 Ibf - in 
B = V3KfsTm = V3(2.05)(2626) = 9324 Ibf- in 
o! A 7445 
of = BB «9324 
iss 
Eq. (7-19): ky = | —— = ().822 
q. (7-19) b ( =) 
Eq. (7-17): Se = 0.883 (0.822) (0.753) (34.27) = 18.7 kpsi 
Eq. (18-22): 
; 4 1/2 
1 16 r 157371) 4 2.05(2626) 
n (1.8753) 18700 37 500 
= 0.363, from which n = 2.76 
Table 7-11: 


0.798)2(37.5)2(18.7)2 
<.) = 15.9kpsi 
(0.798)2(37.5)2 + 18.72 


S, 15.9 . 
ee 00k 
m— = 0.798 ee 
15.9 
cit = 5-2. aen oo Ye | 
te eae isg 


Therefore, the threat lies in fatigue. 
Right-hand bearing shoulder 


The text does not give minimum and maximum shoulder diameters for 03-series bearings 
(roller). Use D = 1.75 in. 


r 0.030 D 1.75 
— = —— = 0.01 — = — = 1.11 
d 1.574 one d= 1.574 
From Fig. A-15-9, 
K, = 2.4 


From Fig. A-15-8, 
Kis = 1.6 
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From Fig. 7-20, q = 0.65 

From Fig. 7-21, G,=083 
Ky = 1+ 0.65(2.4 — 1) = 1.91 
Ks = 14+ 0.83(1.6 — 1) = 1.50 


M =2571 (>) = 537 lbf-in 


2 2 1/2 
1 16 4 1.91(537) ie 1.50(262) 
n (1.5743) 18700 37500 


= 0.277, from whichn = 3.61 


Eq. (18-22): 


Overhanging coupling keyway 


There is no bending moment, thus Eq. (18-22) reduces to: 


1 16V3KysTm  16/3(1.50) (2626) 


n md3Sy ——~—«(1.53)(37 500) 
= 0.275 from which n = 3.64 


Summary of safety factors: 
Location Nfs Solution Source 
Pinion seat 216 Prob. 18-5 
RH BRG shoulder 3.61 Prob. 18-5 
Coupling keyway 3.64 Prob. 18-5 
Bearing slope 2.30 Prob. 18-4 
Mesh slope <1.64 Prob. 18-4 
18-6 If you have assigned Probs. 18-1 through 18-5, offered suggestions, and discussed their 


work, you have provided a good experience for them. 


Since they are performing adequacy assessments of individual designs for this prob- 
lem, each will be different. Thus no solution can be offered here. 


18-7 Preliminaries: 


= 1200 = = = 80 rev/mi 
Ne = 30 20) = rev/min 
T = 63025 (=) = 39 391 Ibf- in 


d + (20/60)d _ 


16in, d=24in 
2 
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,. T _ 39391 


SS = a0 iit 
d/2 12 
W’ = 3283 tan 25° = 1531 Ibf 
w! 3283 
W= = = 3622 lbf 


~ cos25° cos 25° 
Loads W, R, and R2 are all in the same plane. 


3622 


8 
K3" + g" - R, = 3622 (=) = 2634 Ibf 


R R, 


3 
Ro = 3622 (=) = 988 lbf 


Components 


3283 


The steepest slope will be at the left bearing. 
Eq. (18-1): 


1/4 


=e 
II 


32ng F b(b2 — |”) 
370 E1624 


1/4 


_ 32(2)(3622)(8)(82 — 117) = peg age 


7 | 32 (30) (10°) (11) (0.001) 


The design should proceed in the same manner as Probs. 18-1 to 18-6. 


18-8 From the shaft forces in Probs. 18-1 and 18-7 solutions, we can construct the force portions 
of the free-body diagram for shaft b of Fig. P18-1. 
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The resulting forces at each location are not in the same plane; therefore, we must work in 
terms of components. 


Vertical plane Horizontal plane 


1531 657 3283 x 


875 1313 2276 612 395 


The slope at the left support is the greatest. 


32(2) 


2 2 9,72 
3 BOCA D(O.001 WE15318)8° — 11°) — 1313@)2" — 11] 


1/4 
+ [3283(8)(8? — 117) — 612(2)(2? — 11}! 


= 2.320 in 
with d = 2.320, determine the slopes at C, G, H, and D. 
1 


= 2 442) 2 44272 
bc= Fah CD OSIOVAD {[ 1531(8)(87 — 11?) — 1313(2)(2? — 11°)] 7 
+ [3283(8)(87 — 117) — 612(2)(27 — 117)}} 
= 0.000500 rad (checks) 
I 
0G = { [1531(8)(3(3*) + 8° — 11’) 
10°) (zr /64)(2.3204)(11 
SOOO /ON2320)1D) © 1313029332) +22 — 119) 
+ [3283(8)(3(3°) + 8° — 11°) 
“6076640 =1rh" 
= 0.000 245 rad 
ee { [1531(3)(11? — 3(27) — 3’) 
6 4 
6(30) 10°) (re/64)(2,320)11) © Oar aeoy( i? — 3(2) — P72 
+ [3283(3)(11* — 3(27) — 3°) 
— 612(9)(11? — 3(27) — 9) 7} 
= 0.000 298 rad 
Op { [1531(3)(11? — 3) — 1313(9)(11? — 9°)? 


~ 6(30)(10°)(s /64)(2.3204)(11) 
+ [3283(3)(11?— 37) — 612(9)(112— 9°) 7} 7 


= 0.000 314 rad 


The shaft diameter should be increased for the same reason given in Problem 18-4 (gear 


mesh slope). 
1/4 


2(0.000 298) |'/* _ , ge3in 


0.000 25 


Cree B22 | 
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Strength constraints 


Mg = 3V 8752 + 22762 = 7315 Ibf- in 

Mr = 2V 6572 + 3952 = 1533 Ibf- in 
Point G is more critical. Assume d = 2.88 in. 
Similar to Prob. 8-2, Sut = 68kpsi, Sy =37.5kpsi and kg = 0.883 
Eq. (7-19): kp = 0.91(2.88) 9-197 = 0.771 

ke =ka =k =1 

For R = 0.995, Table A-10 provides z = 2.576. 
Eq. (7-28): ke = 1 — 0.08(2.576) = 0.794 
Eq. (7-17): Se = 0.883(0.771)(1) (1) (0.794) (1) (0.504) (68) = 18.5 kpsi 
Eq. (7-31); Kp = 1.68, Kys = 2.25 
Using DE-elliptic theory, Eq. (18-21) 


1/2 
16(2) |, / 1.68(7315) \* 2.25(13 130)\?] 
d = { ——_ | 4) —_.__ ] + 3 | —-—— 
1 18 500 37500 
= 2.687in O.K. 
Students will approach the design differently from this point on. 


1/3 


18-9 The bearing ensemble reliability is related to the six individual reliabilities by 
R = R, R2R3R4R5 Ro 
For an ensemble reliability of R, the individual reliability goals are 
R; = R'/® 
The radial loads at bearings A through F were found to be 
A B Cc D a F 
263 1186 2438 767 2634 988 lIbf 


It may be useful to make the bearings at A, D, and F one size and those at B, C, and E an- 
other size, to minimize the number of different parts. In such a case 
Ri =RgRcRe, R2= RaRDReF 
R= RR. = (RBRcCRE)(RaRDReF) 
where the reliabilities R4 through Rf are the reliabilities of Sec. 11-10, Eqs. (11-18), 
(11-19), (11-20), and (11-21). 
A corollary to the bearing reliability description exists and is given as 
R = Ra RpRe 
In this case you can begin with 
RR 
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18-10 This problem is not the same as Prob. 11-9, although the figure is the same. We have a 
design task of identifying bending moment and torsion diagrams which are preliminary to 
an industrial roller shaft design. 


Fe = 30(8) = 240 bf 
Fé = 0.4(240) = 96 lbf 


T = F(2) = 96(2) = 192 Ibf- in 
Fi = cee 128 lbf 
e415. 15 


F; = Fs tan20° = 128 tan 20° = 46.6 lbf 


(a) xy-plane 


Y° Mo = 240(5.75) — FxC11.5) — 46.6(14.25) = 0 


ie 240(5.75) — 46.6(14.25) 
a 115 


SMa = FR (11.5) — 46.6(2.75) — 240(5.75) = 0 


= 62.3 Ibr 


PF — 240(5.75) + 46.6(2.75) 


= 131.1 Ibf 
0 115 


Bending moment diagram 
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xz-plane 


"Mo =0 
= 96(5.75) — F%(11.5) + 128(14.25) 
;  96(5.75) + 128(14.25) 
a 115 
x M,=0 


=F 5( 11.5) 1282.75) = 966.75) 


= 206.6 lbf 


,  96(5.75) — 128(2.75 
Fo= ( ( = 17.4 lbf 
13 
Bending moment diagram: 
M,. 
(Ibf+in) 100 
O x 


A B 
| 


—352 


Mc = v 1002 + (—754)2 = 761 Ibf- in 
Ma = V(—128)? + (—352)2 = 375 lbf- in 
This approach over-estimates the bending moment at C, torque at C but not at A. 


(b) xy-plane 


Max occurs at 6.12 in 
Mrmax = —516 lbf - in 
Mc = 131.1(5.75) — 15(5.75 — 1.75)" = 514 
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Reduced from 754 Ibf-in. The maximum occurs at x = 6.12 in rather than C, but it 
is close enough. 


xz-plane 
ia 12 Ibffin 128 
17.4 206.6 
My, = 17.4x — 6(x — 1.75)* + 6(x — 9.75)? + 206.6(x — 11.5)! 
M 


(bf+in) 
30.5 Ad ae Let Mnet = (M2, + M2, 
oo ' Plot Mnet(x) 
| 

! 1.75 < x < 11.5in 
| 516 I 
| 
| 


Myer 
(bf in) a a Mmax = 516 Ibf - in 
a ! at x = 6.25 in 


O 


Torque: In both cases the torque rises from 0 to 192 Ibf- in linearly across the roller 
and is steady until the coupling keyway is encountered; then it falls linearly to 0 
across the key. Ans. 


18-11 


To size the shoulder for a rolling contact bearing at location A, the fillet has to be less 
than 1.0 mm (0.039 in). Choose r = 0.030in. Given: ng = 2, Kp = Kf; = 2. From 
Prob. 18-10, 


M=375lbf-in, TJ, = 192 \bf-in 


ee 


Table A-20 for 1035 HR: Sy; = 72kpsi, Sy = 39.5kpsi, Hg = 143 


Eq. (7-8): S! = 0.504(72) = 36.3 kpsi 
ke = ka =ke = kp =1 
Eq. (7-18): kq = 2.70(72)~°? = 0.869 


Solve for the bearing seat diameter using Eq. (18-21) for the DE-elliptic criterion, 
Trial #1: a= lin 


0.107 
Eq. (7-19): ky = (| — = 0,879 
q. (7-19) b (aa) 


0.869(0.879)(36.3) = 27.7 kpsi 


Eq. (7-17): Se 
a | 1914 (ey ae ea) - 
|x 27700 39 500 


= 0.833 in 


1/3 
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Trial #2: d = 0.833 in 
—0.107 
pp slices = 0.896 
0.30 
Se = 0.869(0.896)(36.3) = 28.3 kpsi 


1/3 


<2) cay (eey) 
= 4 ag (pellets 
¥ 28 300 39 500 


= 0.830in 
Trial #3: d = 0.830in 
ce peace = 0.897 
: ( 0.30 ) 


Se = 0.869(0.897)(36.3) = 28.3 kpsi 


No further change in S,, therefore, 
d=0.830in Ans. 


The example is to show the nature of the strength-iterative process, with some simpli- 
fication to reduce the effort. Clearly the stress concentration factors K;, K;;, Kr, Kys and 


the shoulder diameter would normally be involved. 


18-12 From Prob. 18-10, integrate M,, and M,, 
xy plane, withdy/dx = y’ 


Ely' = 0) + 5= Lb =54 = 0775) = tx ea es) ee an oe 
Ely = ch + 2 5) = >, =0,75)" = cane = 11.5)74 Cx + Cp 
6 4 4 6 
y=O0ax=0 = C;=0 
y=Oatx=11.5 3 C, =1908.4]bf-in? 
From (1) x=0: ETy'’ = 1908.4 


x=11.5: Ely’ = —2153.1 
xz plane (treating z ++) 


206.6 


BIg 17.4, 5 3 3 2 
,= a ) — 2(x — 1.75)? + 2(x — 9.75)? + (x — 11.5)" + C3 


17.4 


1 1 206.6 
EIz= =) == 1.75)4 + 5 (* — 9.75)* + —— 


z=Oatx=0 > C=0 
z=Oatx=115 3 C3=8.975lbf- in’ 
From (2) 
x=0: EIz = 8.975 
x=11.5: Elz’ = —683.5 


ie =115)? + Cox + Cy 


Chapter 18 477 


At O: He = /1908.42 + 8.9752 = 1908.4 Ibf - in 


A: E10 = V/(—2153.1)? + (—683.5)2 = 2259 Ibf -in? (dictates size) 
With I = (1 /64)d*, 


64 ue 64(2259) i 
= 9 2259)| ~ Ean 


=1.113in Ans. 
For 0 = 0.0005 rad 


0.001 \!/4 
ay pea 119) 13931 
d ( vas) (1.113) 323 in Ans 


18-13 


From Prob. 18-12, Eqs. (1) and (2), 
At B,x = 14.25": Ely’ = —2328 Ibf - in? 
Elz’ = —1167 lbf- in’ 


E16 = V(—2328)2 + (—1167)2 = 2604 Ibf - in? 


7 | 64(2604) 
~~ | 7(30)(10°)(0.0005) 


1/4 
=1.371in Ans. 
Withnyg = 2 
a\ 1/4 
d= (5) (1.371) = 1.630in Ans. 


Note: If 0.0005" is divided in the mesh to 0.000 25"/gear then for ng = 1, d = 1.630 in 
and forng = 2,d = (2/1)'/*(1.630) = 1.938 in. 


18-14 


18-15 


Similar to earlier design task; each design will differ. 


Based on the results of Probs. 18-12 and 18-13, the shaft is marginal in deflections 
(slopes) at the bearings and gear mesh. In the previous edition of this book, numerical in- 
tegration of general shape beams was used. In practice, finite elements is predominately 
used. If students have access to finite element software, have them model the shaft. If not, 
solve a simpler version of shaft. The 1" diameter sections will not affect the results much, 
so model the 1" diameter as 1.25". Also, ignore the step in AB. 


‘| 


478 Solutions Manual e Instructor's Solution Manual to Accompany Mechanical Engineering Design 


The deflection equations developed in Prob. 18-12 still apply to section OCA. 


O: EI06 = 1908.4 Ibf - in? 
A: E10 = 2259 Ibf- in’ (still dictates) 
6 moa 0.000 628 rad 
= =U. Ta 
30(10°)(s /64)(1.254) 
0.001 
—__"____ = 41.59 
” = 9.000 628 


At gear mesh, B 


xy plane 


*| 


C 46.6 Ibf 
A x 
z 


B 


From Prob. 18-12, with J = J; in section OCA, 
ya, = —2153.1/E, 
Since Yr JA is a cantilever, from Table A-9-1, with J = J5 in section AB 


F — 2] 46.6 
Ci ae Ey, (2 T2-75 — 2(2.75)] = —176.2/E lh 
2 


YBIA~ 9B 2 


ZS A 176.2 


“Ye = Vat Yaa = ~ 30(10)(s /64)(1.254) — 30(10°) (sr /64) (0.8754) 


= —0.000 803 rad (magnitude greater than 0.0005 rad) 


xz plane 
128 Ibf 
O A : 
. . 
B 
‘| 
, 683.5 , — 128(2.75*) 484 
“A ER? “BIA ORL Eb 
683.5 484 
i5 = = —0.000751 rad 


~ 30(10°) (77 /64)(1.254)  30(106)(z /64) (0.8754) 


03 = v(—0.000 803)? + (0.000 751)? = 0.001 10 rad 


Crowned teeth must be used. 


Finite element results: Error in simplified model 
60 = 5.47(10-*) rad 3.0% 
4 = 7.09(10~*) rad 11.4% 


6g = 1.10(10~°) rad 0.0% 
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The simplified model yielded reasonable results. 
Strength Sur = 72 kpsi, Sy = 39.5 kpsi 
At the shoulder at A, x = 10.75 in. From Prob. 18-10, 
Myy = —209.3 Ibf-in, My, = —293.0lbf-in, T = 192 lbf-in 
M = \/(—209.3)? + (—293)? = 360.0 Ibf - in 
S’, = 0.504(72) = 36.29 kpsi 
kg =2-70(12) °° = 0.869 


1 \ 70-107 
kp = (5) =0.879 
0.3 


ke = ka =ke = kp = 1 

Se = 0.869(0.879)(36.29) = 27.7 kpsi 
From Fig. A-15-8 with D/d = 1.25 andr/d = 0.03, Kys = 1.8. 
From Fig. A-15-9 with D/d = 1.25 andr/d = 0.03, K; = 2.3 
From Fig. 7-20 with r = 0.03 in, g = 0.65. 
From Fig. 7-21 withr = 0.03 in, gs = 0.83 
Eq. (7-31): Ke 1 052.3 = 1) = 1.85 

Krs = 1+ 0.83(1.8 — 1) = 1.66 


Using DE-elliptic, 
2K¢Ma 2(1.85)(360) 
"3K jsTm  V3(1.66)(192) 
= 2852 _ 2(39.5)(27.77) — 96.0 kpsi 
Bak TF sos) 
Sin = Sy — Sq = 39.5 — 26.0 = 13.5 kpsi 


ye 26 
at— —{— = > - — 1.926 
Ge aS 

Vr > Frit 


Therefore, the threat is fatigue. 


Eq. (18-22), 
2 2 1/2 
1 16 i 1.85(360) ea 1.66(192) 
n m(13) 27 700 39 500 


n= 3.92 


Perform a similar analysis at the profile keyway under the gear. 


The main problem with the design is the undersized shaft overhang with excessive slope 
at the gear. The use of crowned-teeth in the gears will eliminate this problem. 
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Treat car, truck frame, and wheels as a free body: 
Tipping moment = 17 100(72) = 1.231(10°) lbf - in 
Force of resisting couple, F, = 1.231(10°) /59.5 = 20 690 lbf 
Force supporting weight, F,, = 42 750/2 = 21 375 Ibf 
f= 17 100 Ibt 


Ry = Fy + Fo = 21 375 + 20 690 = 42 065 Ibf 
Ro = Fy — Fe = 21 375 — 20 690 = 685 Ibf 


For the car and truck as a free body: 
Tipping moment = 17 100(72 — 16.5) = 949 050 Ibf - in 


949 050 
“80 


The force at the journal is Gy, = 42 750/2 = 21 375 lbf 


= 11 863 lbf 


G, = 17 100 Ibf 
Ry = 21375 + 11 863 = 33 238 lbf 
Ry =21375 = 11863 = 9512 Ibi 


Wheels and axle as a free body 33 238 9512 


33/2 
/ : 17 100 
17 100 ' 


La 


42 065 685 
Axle as a free body: 
Couple due to flange force = (17 100)(33/2) = 282 150 Ibf- in 


17 100 


42 750 


42 750 


238 9512 
282 150 Ibfein 


—< 
17 100 


42 065 685 


Midspan moment: 


622 840 


M = 33 238(40) + 282 150 — 42 065(59.5/2) = 360 240 Ibf - in 


Since the curvature and wind loads can be from opposite directions, the axle must resist 
622 840 Ibf - in at either wheel seat and resist 360 240 Ibf - in in the center. The bearing 
load could be 33 238 Ibf at the other bearing. The tapered axle is a consequence of this. 
Brake forces are neglected because they are small and induce a moment on the perpen- 


dicular plane. 


18-17 
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Some information is brought forward from the solution of Prob. 18-16. At the wheel seat 


_ 32M _ 32(622 840) 
— 7d oT) 


/ 


= 18 496 psi 


At mid-axle 


he 32(360 240) 


The stress at the wheel seat consists of the bending stress plus the shrink fit compression 
combining for a higher von Mises stress. 


18-18 


This problem has to be done by successive trials, since S, is a function of shaft size in 
Eq. (18-21). The material is SAE 2340 for which S,, = 1226 MPa, S, = 1130 MPa, and 
Hp = 368. 


Eq. (7-18): kq = 4.51(1226)~° = 0.685 
Trial #1: Choose d, = 22 mm 


99 —0.107 
ns pee =i 
4 (=) Meee 


Se = 0.685(0.893)(0.504)(1226) = 378 MPa 
dp =a =]2F =0.735D =2D/20=0.65D 


d, 22 
D= = —— = 33.8 mm 
0.65 0.65 
D : 
pee ean 
20 20 
Fig. A-15-14: 
d=d,+2r = 22+ 2(1.69) = 25.4 mm 
25. 
@ BA 935 
d; 22 
1.69 
tet N77 
d; 22 
K; — 1 9 
Fig. A-15-15: Kis = 1.5 
Fig. 7-20: r= 1,69 mim, ¢=0.90 
Fig. 7-21: r= 1,69 mm, g;=097 
Eq. (7-31): Kpe= l= 0901.9 = 1) = 1.81 


Ks = 1+ 0.97(1.5 = 1) = 1.49 
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Eq. (18-21) with d asd,, 


OO 4 (A) a | 7 


1/3 


d, = 
1X 378 1130 


= 20.5 mm 
Trial #2: Choose d,; = 20.5 mm 


90.5\ 70-107 
kp = ( ) = 0.900 


7.62 
Se = 0.685(0.900)(0.504)(1226) = 381 MPa 
a, 20.5 
D= = — =31.5mm 
0.65 0.65 
D315 


Figs. A-15-14 and A-15-15: 
d =d, + 2r = 20.5 + 2(1.58) = 23.7 mm 


— = —=1,] 

d, 20.5 
r 1.58 

— = = 0.077 
ds 20.5 oF 


We are at the limit of readability of the figures so 


K, => 1.9, Kts = 1.5 qd => 0.9, qs => 0.97 


Using Eq. (18-21) produces no changes. Therefore we are done. 


Decisions: 
d, = 20.5 
20.5 
D= 065 =31.5mm, d=0.75(31.5) = 23.6 mm 


Use D= 32mm, d=24mm, r=16mm Ans. 


18-19 Refer to Prob. 18-18. Trial #1, ng = 2.5, d, = 22mm, S, = 378 MPa, Ky = 1.81, 
Kfs = 1.49 


Eq. (18-30) 


3 2 3 2 1/2 
oe 32(2.5) (9 ) n (1498 ) | 
1 (378) (1130) 


= 20.5mm 


1/3 
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Referring to Trial #2 of Prob. 18-18, d, = 20.5 mm and S$, = 381 MPa. Substitution into 
Eq. (18-30) yields d. = 20.5 mm again. Solution is the same as Prob. 18-18; therefore use 


D=32mm, d=24mm, r=1.6mm Ans. 


18-20 


F cos20°(d/2) =T, F =2T/(dcos 20°) = 2(3000)/(6 cos 20°) = 1064 lbf 
Mc = 1064(4) = 4257 Ibf- in 
(a) Static analysis using fatigue stress concentration factors and Eq. (6-45): 


lon 2 21/2 ‘i 
d = }—— [4(KyM)° + 3(KysT)’] 
1 Sy 


= _16(2.5) 2 31/2 1/3 
= | sca 500) [4(1.8)(4257)* + 3(1.3)(3000)7] 
= 1.526in Ans. 

(b) ka = 2.70(80)~°26 — 0.845 


Assume d = 2.00 in 
9 \—0.107 
kp = (=) = 0.816 
0.3 
Se = 0.845(0.816) (0.504) (80) = 27.8 kpsi 
(1) DE-Gerber, Eq. (18-16): 
1/3 


| 1602.5)01-8)(4257) | f, eee >. a 
~ ) 227800) 1.8(4257)(80 000) 


= 192910 


Revising kp results ind = 1.927in_ Ans. 


(2) DE-elliptic using d = 2 in for S. with Eq. (18-21), 
1/3 


; 57 1/2 
1} 192-9) c (ieee) 44 (Sano) | = 1.927 in 


1 27 800 60 000 


Revising kp results ind = 1.926in_ Ans. 


(3) Soderberg, Eq. (18-30): 
1/3 


> 5791/2 
ta ee a = 1.932 in 
T 27 800 60 000 
Revising kp results ind = 1.930in_ Ans. 
(4) DE-Goodman, Eq. (18-34): 


__ f 16(2.5) [, /1.8(4257) 1.3(3000)\ J] > _ 
a=| - 2 or )+3(S5a)| = 2.008in Ans. 
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18-21 (a) DE-Gerber, Eqs. (18-13) and (18-15): 
A = {4[2.2(600)? + 3[1.8(400)?}/* = 2920 Ibf - in 
B = {4[2.2(500)?? + 3[1.8(300) 7}? = 2391 Ibf- in 


8(2(2920) | (, , [2023919030000] ve 
(30 000) 2920(100 000) 


1/3 


=1.016in Ans. 
(b) DE-elliptic, Equation prior to Eq. (18-19): 


1/3 
ge 16n a 
law ¥ SF 88 
5 5 1/3 
16(2 292 2391 
= 2) ee ++ ca =1.012in Ans. 
Tv 30 000 80 000 


(c) MSS-Soderberg, Eq. (18-28): 


32(2) 500 600 \? 300 400 \27'7) 
d= {——|2.2? 1.8? 
Tv Ga a 00) r GG. * aa) | 
=1.101in Ans. 
(d) DE-Goodman: Eq. (18-32) can be shown to be 
gu [ie (A, 2 Me 
Lm \Se Sut 
16(2) ( 292 2301 \]"? 
= ) = = = = 1,073 10 
T 30000 100000 
Criterion d(in) Compared to DE-Gerber 
DE-Gerber 1.016 
DE-elliptic LO12 0.4% lower less conservative 
MSS-Soderberg 1.101 8.4% higher more conservative 
DE-Goodman 1.073 5.6% higher more conservative 
18-22 We must not let the basis of the stress concentration factor, as presented, impose a 


viewpoint on the designer. Table A-16 shows K;s as a decreasing monotonic as a function 
of a/D. All is not what it seems. 


Let us change the basis for data presentation to the full section rather than the net 
section. 


if / 
Tt = Kisto = K;,% 


32T ot oer 
Ae = Taps “* \ aps 
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Therefore 
; K 
Ky 

Form a table: 
(a/D) A Kts Kis 
0.050 0.95 1.77 1.86 
0.075 0.93 1.71 1.84 
0.100 0.92 1.68 1.83 — minimum 
0.125 0.89 1.64 1.84 
0.150 0.87 1.62 1.86 
0.175 0.85 1.60 1.88 
0.200 0.83 1.58 1.90 


Kj, has the following attributes: 


¢ It exhibits a minimum; 
¢ It changes little over a wide range; 
¢ Its minimum is a stationary point minimum at a/D = 0.100; 
¢ Our knowledge of the minima location is 
0.075 < (a/D) < 0.125 


We can form a design rule: in torsion, the pin diameter should be about 1/10 of the shaft 
diameter, for greatest shaft capacity. However, it is not catastrophic if one forgets the rule. 


18-23 Preliminaries: 
= 63 025(4.5) 


= 2532 lbf - i 
12 53 in 
T 2532 
W = — = —— = 633 lbf 
r 8/2 
633 
= —_ = 674 lbf 

cos 20° 


674 Ibf 


3 

R, = 674 (3) = 202 Ibf 
7 

= 674 (=) = 472 Ibf 


Mrmax = 202(7) = 1414 Ibf- in 
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Is the task strength-controlled or distortion-controlled? With regards to distortion use 
n = 2 in Eq. (18-1): 
32(2)(674)(3)(32 — 102) |'/" 


4. = 1370 09d00.00p| ~i™ 


Eq. (18-2): 


32(2)(674)(7)(102 — 72) |'/4 
=|) Si 
37(30)(109)(10)(0.001) 


For the gearset, use 048 developed in Prob. 18-4 solution. To the left of the load, 


Fb 
Oap = ——(3x° +b? - 1? 
eee T 
Incorporating J = 2d*/64 and ng, 
32ngFb ue 


(x7 hb? =P) 


32 El Ban 
At the gearset, x = 7 with 0, = 0.000 25 (apportioning gearmesh slope equally). 


1/4 


2 2_ 102 
eee < 1.789 in 


320 (30)(10°)(10)(0.000 25) 


Since 1.789 > 1.75 in, angular deflection of the matching gear should be less than 
0.000 25 rad. Crowned gears should thus be used, orng scutinized for reduction. 


Concerning strength: For Kr = 2, Kgs = 1.5, Se = Sur/4, Sy = Sur/2 in Eq. (18-1): 


2 2 1/2 
pp ion f pasts) ES) 


4 Sut /4 Sut /2 


Solving for S,; and using n = 2 and d = 1.75 in 
16(2) 


= —~ sa 2 24/2 . 
- (1.753) A414) + 3[2(1.5)(2532)]7}!/? = 49 740 psi 


ut 
This gives an approximate idea of the shaft material strength necessary and helps identify 
an initial material. 
With this perspective students can begin. 


18-24 This task is a change of pace. Let s be the scale factor of the model, and subscript m 
denote ‘model.’ 


Ly = sl 
Mc 
= S35 Om = O 


I 
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The load that causes bending is related to reaction and distance. 
Fim bmam 


lm 


Mm = RnQn = 


Solving for Fn, gives 

F, = Minln _ se M(sl) _ 
Ambm — (sa)(sb) 

For deflection use Table A-9-6 for section AB, 


s*F Ans. 


FinDmXm (9 2 5 
nea | 
Ym = Fe Om + Bm — In) 
G@PIGRGR) 5 4. 55 95 
cel i sch b? — 71 
6E(s*I(sl) (s*x" +5 sl?) 


=sy Ans. (as expected) 
For section BC, the same is expected. 


For slope, consider section AB 
Fb 


Yaa = ap = Gx +b°— 1’) 
2 
s*F(sb) GO a: tg BO 
, = (3 b* — sl’) =0 
a hep 
The same will apply to section BC 
Summary: 
Slope: yay 
Deflection: Ym = SY = 5 
M 
Moment: M, =s°M = = 
F 
Force: F, =F = q 


These relations are applicable for identical materials and stress levels. 


18-25 


If you have a finite element program available, it is highly recommended. Beam deflec- 
tion programs can be implemented but this is time consuming and the programs have 
narrow applications. Here we will demonstrate how the problem can be simplified and 
solved using singularity functions. 


Deflection: First we will ignore the steps near the bearings where the bending moments 
are low. Thus let the 30 mm dia. be 35 mm. Secondly, the 55 mm dia. is very thin, 10 mm. 
The full bending stresses will not develop at the outer fibers so full stiffness will not 
develop either. Thus, ignore this step and let the diameter be 45 mm. 
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Statics: Left support: Ry = 7(315 — 140)/315 = 3.889 kN 
Right support: R2 = 7(140)/315 = 3.111 kN 
Determine the bending moment at each step. 


x(mm) 0 40 100 140 210 215 315 
M(N - m) 0 155.56 388.89 544.44 326.67 124.44 0 


I35 = (11 /64)(0.035*) = 7.366(10~8) m4, 4g = 1.257(10~") m4, 45 = 2.013(10~") m4 
Plot M/I as a function of x. 


x(m) M/1I(10? N/m?) Step Slope A Slope 
0 0 52.8 

0.04 paWe: 

0.04 1.2375 —0.8745 30.942  —21.86 
0.1 3.094 

0.1 1.932 —1.162 19.395 =11617 
0.14 2.705 

0.14 2.705 0 —15.457  —34.78 
0.21 1.623 

0.21 2.6 0.977 —~24.769 ~9.312 
0.275 0.99 

0.275 1.6894 0.6994. —42.235 —-17.47 
0.315 0 


0 l l l l 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 


x (mm) 


The steps and the change of slopes are evaluated in the table. From these, the function 
M/TI can be generated: 


M/I = [52.8x — 0.8745(x — 0.04)° — 21.86(x — 0.04)! — 1.162(x — 0.1)° 
1617 = 01) = 34786 = 0,14) 4+ 0977 = 1" 
— 9.312(x — 0.21)! + 0.6994(x — 0.275)° — 17.47(x — 0.275)"] 10° 
Integrate twice: 


d 
Ee = [26.4x” — 0.8745(x — 0.04)' — 10.93(x — 0.04)? — 1.162(x — 0.1)! 
X 


~SR3ie = O17 = 17.396 = 0.14) PONT = 021) 
— 4,655(x — 0.21)? + 0.6994 (x — 0.275)! — 8.735(x — 0.275)* + C,] 10’ (1) 
Ey = [8.8x° — 0.4373(x — 0.04)” — 3.643(x — 0.04)* — 0.581(x — 0.1)” 
— 1.937(x — 0.1)° — 5.797(x — 0.14)° + 0.4885(x — 0.21)? 
— 1.552(x — 0.21)* + 0.3497(x — 0.275)” — 2.912(x — 0.275)? + Cix + C2] 10° 
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Boundary conditions: y = 0 atx = 0 yields C2 = 0; 
y = 0 atx = 0.315m yields C, = —0.295 25 N/m’. 


Equation (1) with C; = —0.295 25 provides the slopes at the bearings and gear. The 
following table gives the results in the second column. The third column gives the results 
from a similar finite element model. The fourth column gives the result of a full model 
which models the 35 and 55 mm diameter steps. 


x (mm) 0 (rad) EE. Model Full RE. Model 
0 —0.001 4260 —0.001 4270 —0.001 4160 
140 —0.000 1466 —0.000 1467 —0.000 1646 
315 0.001 3120 0.001 3280 0.001 3150 


The main discrepancy between the results is at the gear location (x = 140 mm). The 
larger value in the full model is caused by the stiffer 55 mm diameter step. As was stated 
earlier, this step is not as stiff as modeling implicates, so the exact answer is somewhere 
between the full model and the simplified model which in any event is a small value. As 
expected, modeling the 30 mm dia. as 35 mm does not affect the results much. 

It can be seen that the allowable slopes at the bearings are exceeded. Thus, either the 
load has to be reduced or the shaft “beefed” up. If the allowable slope is 0.001 rad, then 
the maximum load should be Finax = (0.001/0.001 46)7 = 4.79 KN. With a design factor 
this would be reduced further. 

To increase the stiffness of the shaft, increase the diameters by (0.001 46/0.001)!/4 = 
1.097. Form a table: 


Old d, mm 20.00 30.00 35.00 40.00 45.00 55.00 
New ideal d, mm vB) 32.92 38.41 43.89 49.38 60.35 
Rounded up d, mm 22.00 34.00 40.00 44.00 50.00 62.00 


Repeating the full finite element model results in 
x= 0) 6 = —9.30 x 1074 rad 
x= 140mm: 6 =-—1.09 x 10~* rad 
x=315mm: 6=8.65 x 10‘ rad 


Well within our goal. Have the students try a goal of 0.0005 rad at the bearings. 


Strength: Due to stress concentrations and reduced shaft diameters, there are a number of 
locations to look at. A table of nominal stresses is given below. Note that torsion is only 
to the right of the 7 kN load. Using o = 32M/(sd*) andt = 16T/(d°), 


x(mm) O 15 40 100 110 140 210 210 300 330 
a(MPa) 0 22.0 370 619 478 609 532.0 39.6 17.6 0 

t(MPa) O O 0 0 0 6 8.5 12.7 ©6202 8©= 68.1 
o'(MPa) 0 22.0 37.0 61.9 478 618 53.1 45.3 392 =6118.0 


Table A-20 for AISI 1020 CD steel: Sy; =470MPa, Sy, = 390 MPa 
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Atx = 210 mm: 
ka = 4.51(470) © = 0.883, ky = (40/7.62)~°1°” = 0.837 
Se = 0.883(0.837)(0.504)(470) = 175 MPa 
D/d = 45/40 = 1.125, r/d = 2/40 = 0.05. 
From Figs. A-15-8 and A-15-9, K; = 1.9 and K;s = 1.32. 
From Figs. 7-20 and 7-21,g = 0.75 and qs = 0.92, 
Ky =1+4+0.75(1.9 — 1) = 1.68, and Ks = 1+ 0.92(1.32 — 1) = 1.29. 
From Eq. (18-22), 
1 16 1.68(544.44) ]? 1.29(107) 7? ue 
n — 1(0.04)? f 175(10°) 390(10°) | 
n = 1.20 


Depending on the application, this may be too low. 


At x = 330 mm: The von Mises stress is the highest but it comes from the steady torque 
only. 


D/d = 30/20=1.5, r/d=2/20=01 3 Ky =1.42, 
1 16 1.39(107) 
ea 
n  3(0.02)3 (v3) 390(10°) 

n = 2.38 


Check the other locations. 
If worse-case is atx = 210 mm, the changes discussed for the slope criterion will im- 
prove the strength issue. 


18-26 


In Eq. (18-37) set 


md‘ md” 
ia. Aa 
64 4 
to obtain 
2 
8 d gE 
= 1 
o=(7) ()¥4 0 
or 
4]? 
i= pig as (2) 
m2 \ gE 


(a) From Eq. (1) and Table A-5, 


2 
_ {8 1\ /386(30)(10°) _ 
w= (=) (3) 0.289 = 868 rad/s. Ans. 


(b) From Eq. (2), 


__ 4(24)?(2)(868) 0.282 |. 
d= =) 386(30)(10% ~ 2in Ans. 
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(c) From Eq. (2), 


Since d// is the same regardless of the scale. 


lw = constant = 24(868) = 20 832 


20 832 
o= TT = 1736rad/s_ Ans. 


Thus the first critical speed doubles. 
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18-27 From Prob. 18-26, w = 868 rad/s 
A = 0.7854 in?, 1 =0.04909in*, y = 0.282 lbf/in’, 
E = 30(10°) psi, = w = Ayl = 0.7854(0.282)(24) = 5.316 lbf 
One element: 
Eg. (18-37) 61, = gee eae) = 1.956(10~*) in/Ibf 
6(30)(10°)(0.049 09)(24) 
yy = wi dq, = 5.316(1.956)(10~*) = 1.0398(107%) in 
y; = 1.0812(10~°) 
» wy = 5.316(1.0398)(10~3) = 5.528(107°) 


S~ wy? = 5.316(1.0812)(10~%) = 5.748(10~%) 


5,528(1073 
ie tpt =, fate | OO) 2 cients. ane lem) 
x wy? 5.748(10-°) 


Two elements: 


2.658 Ibf 2.658 Ibf 


18(6)(247 — 18? — 67) 
6(30)(10°)(0.049 09) (24) 
6(6)(247 — 6? — 67) 
~ 6(30)(10°)(0.049 09)(24) 

yy = wd, + W642 = 2.658(1.100)(10~*) + 2.658(8.556)(10~>) 
= 5.198(10~*) in = yo, 
Yt = ys = 2.702(107") in? 
ys wy = 2(2.658)(5.198)(10~*) = 2.763(1073) 


S| wy? = 2(2.658)(2.702)(10-7) = 1.436(10~°) 


2.763 10-? 
Q| = 386 eas | = 862 rad/s_ (0.7% low) 


611 = 642 = = 1.100(10~*) in/lbf 


d12 = 521 


= 8.556(10->) in/Ibf 


1.436(10-°) 
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Three elements: 


1.772 Ibf 1.772 Ibf 1.772 Ibf 


ly 4" 8" 8" 4" =| 


__ 20(4)(24? — 20? — 4’) 
6(30)(10°)(0.049 09)(24) 
_ 12(12)(24? — 12? — 127) 
6(30)(10°)(0.049 09) (24) 
PHOS 127 =") 
6(30)(10°)(0.049 09) (24) 
— 4(4)(24 — 4? — 4?) 
6(30)(10°)(0.049 09) (24) 
y, = 1.772[6.036(10~°) + 9.416(10~°) + 4.104(10~°)] = 3.465(107*) in 
yz = 1.772[9.416(10~>) + 1.956(10~*) + 9.416(10~°)] = 6.803(10~*) in 
y3 = 1.772[4.104(10~°) + 9.416(10~°) + 6.036(10~°)] = 3.465(107*) in 


S" wy = 2.433107), S$ > wy? = 1.246(10-) 


J11 = 433 = 6.036(10~°) in/Ibf 


22 = 1.956(10~*) in/Ibf 


d12 = 632 = = 9.416(10~>) in/Ibf 


13 


= 4.104(10~>) in/lbf 


2.433(10-3 
oO, = 386 | Sa | = 868 rad/s (same as in Prob. 18-26) 


The point was to show that convergence is rapid using a static deflection beam equation. 


The method works because: 


¢ If a deflection curve is chosen which meets the boundary conditions of moment-free 


and deflection-free ends, and in this problem, of symmetry, the strain energy is not very 


sensitive to the equation used. 


¢ Since the static bending equation is available, and meets the moment-free and deflection- 


free ends, it works. 


18-28 (a) For two bodies, Eq. (18-39) is 


(m 1611 — 1/7) m2 


= 0 
m4621 (m5. — 1/7) 


Expanding the determinant yields, 


1\? 1 
(<5) — (m1; + 2692) (=) + mjm(d11522 — 4612591) = 0 
wo oO; 


Eq. (1) has two roots 1/@; and 1/5. Thus 


1 1)(1_1)_, 
wo a) \o ow) — 


(1) 
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(a) (ral) (al(a=2 
w ao, 05) \w or) \ ws — 
Equate the third terms of Eqs. (1) and (2), which must be identical. 

1 


1 
SS = MM7(511522 — 82521) = = O{MM2(41 1822 — 412821) 
ay ms 


or, 


and it follows that 


1 g? 
w2 = Ans. 
1 Y wy W2(d11522 — 612521) 


(b) In Ex. 18-5, Part (b) the first critical speed of the two-disk shaft (w; = 35 Ibf, 
w2 = 55 lbf) is @; = 124.7 rad/s. From part (a), using influence coefficients 


1 3867 
= — | So = 46 rad/s Ans. 
oo ne — 2.2347](10-8) 


18-29 In Eq. (18-35) the term .///A appears. For a hollow unform diameter shaft, 


— d}) )/04 = (a = 
= 7/8 d? 
\z- eo —d?)/4 — * 


This means that when a solid shaft is hollowed out, the critical speed increases beyond 
that of the solid shaft. By how much? 


ve A fis(#) 
+) 


The possible values of dj are 0 < d; < do, so the range of critical speeds is 


o@,/1+0 to about w,/1+ 1 


or froma, toV2a,. Ans. 


18-30 All steps will be modeled using singularity functions with a spreadsheet (see next page). 
Programming both loads will enable the user to first set the left load to 1, the right load to 
0 and calculate 5,; and 52;. Then setting left load to 0 and the right to 1 to get 6;2 and 
622. The spreadsheet shown on the next page shows the 6;; and 42; calculation. Table for 
M/TI vs x is easy to make. The equation for M/T is: 


M/I = D13x + C15(x —1)° + E15(x — 1)! + £17(x — 2)! 
+ CIS —9)0 + £10 —90)' + B21G=— 14) 
CI = 15) Be 15)" 
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Integrating twice gives the equation for Ey. Boundary conditions y = 0 at x = O and at 
x = 16 inches provide integration constants (C2 = 0). Substitution back into the deflec- 
tion equation at x = 2, 14 inches provides the 5’s. The results are: 6); — 2.917(10~’), 
612 = 621 = 1.627(10~"), 627 = 2.231(107’). This can be verified by finite element 
analysis. 


yy = 20(2.917)(10~") + 35(1.627)(107’) = 1.153(107>) 
y2 = 20(1.627)(10~’) + 35(2.231)(1077) = 1.106(107>) 
yy = 1.329(10°'°), -y? = 1.224(107°) 

"wy = 6.17710), S > wy? = 6.942(10-*) 


Neglecting the shaft, Eq. (18-36) gives 


6.177(10-4 
oO, = 386 | Soon | = 5860 rad/s or 55970rev/min Ans. 


6.942(10-°) 
A 5 C D E F G H I 
Fi=1 F,=0 R, = 0.875 (left reaction) 
Xx M i = I = 0.7854 
0 0 Ig = 1.833 
1 0.875 Iz = 2.861 
2 1:75 
9 0.875 
14 0.25 
15 0.125 
16 0 
z M/I step slope A slope 
0 0 1.114 082 
il 1.114 082 
1 0.477 36 —0.636 722 477 0.477 36 —0.636 72 
2 0.954 719 
Z 0.954 719 0 —0.068 19 —0.545 55 
9 0.477 36 
u 0.305 837. —0.171 522 4 — 0.043 69 0.024 503 
14 0.087 382 
14 0.087 382 0 — 0.043 69 0 
15 0.043 691 
15 159 155 0.115 463554. —0.15915 —0.115 46 
16 0 


NW 
na & 
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A B S D E F G H ri 
26 C; = — 4.906 001 093 
21 
28 
29 51, = 2.91701E-07 
30 621 = 1.6266E-07 


Repeat for F; = 0 and F, = 1. 


Modeling the shaft separately using 2 elements gives approximately 


11.32 Ibf 11 Ibf 


The spreadsheet can be easily modified to give 
51; = 9.605(10~), 812 = 62; = 5.718(10~"), 822 = 5.472(107’) 
y, = 1.716107), yp = 1.249(10~°), yy = 2.946107"), 
yz = 1.561107"), wy = 3.316104), } wy? = 5.052(10-°) 


3.316(10-4) 
= /386| ~~ | = 5034 rad/s Ans. 
= / SE | oe gue 


A finite element model of the exact shaft gives w; = 5340 rad/s. The simple model is 
5.7% low. 


Combination Using Dunkerley’s equation, Eq. (18-45): 
1 1 1 


wo 58602 50342 


=> 3819rad/s_ Ans. 


18-31 and 18-32 With these design tasks each student will travel different paths and almost all 
details will differ. The important points are 


¢ The student gets a blank piece of paper, a statement of function, and some 
constraints—explicit and implied. At this point in the course, this is a good experience. 


¢ It is a good preparation for the capstone design course. 
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¢ The adequacy of their design must be demonstrated and possibly include a designer’s 
notebook. 

¢ Many of the fundaments of the course, based on this text and this course, are useful. The 
student will find them useful and notice that he/she is doing it. 

¢ Don’t let the students create a time sink for themselves. Tell them how far you want 
them to go. 


18-33 


I used this task as a final exam when all of the students in the course had consistent 
test scores going into the final examination; it was my expectation that they would not 
change things much by taking the examination. 

This problem is a learning experience. Following the task statement, the following 
guidance was added. 


¢ Take the first half hour, resisting the temptation of putting pencil to paper, and decide 
what the problem really is. 


¢ Take another twenty minutes to list several possible remedies. 
¢ Pick one, and show your instructor how you would implement it. 


The students’ initial reaction is that he/she does not know much from the problem 
statement. Then, slowly the realization sets in that they do know some important things 
that the designer did not. They knew how it failed, where it failed, and that the design 
wasn’t good enough; it was close, though. 

Also, a fix at the bearing seat lead-in could transfer the problem to the shoulder fillet, 
and the problem may not be solved. 

To many students’s credit, they chose to keep the shaft geometry, and selected a new 
material to realize about twice the Brinell hardness. 


